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Preface

Every second year, the Technical Committee A (Computational Aspects of Dam Analy-
sis and Design) of ICOLD organizes an international benchmark workshop on numerical
analysis of dams. The purpose is to share knowledge and experience regarding numerical
modelling within the fields of dam safety, planning, design, construction as well as oper-
ation and maintenance of dams. The Terms of Reference for Committee A state; ”Bench-
mark Workshops are organised to compare numerical models between one another and/or
with reference solutions, including the dissemination and publication of results”.

The 14th ICOLD International Benchmark Workshop on Numerical Analysis of Dams
was held from the 6th to the 8th September 2017 in Stockholm, the capital of Sweden.
It was organized by the Local Organizing Committee, on behalf of the Swedish National
Committee of ICOLD (SwedCold) and the ICOLD Technical Committee A. It was hosted
by KTH Royal Institute of Technology, Sweden’s largest technical research and learning
institution and one of Europe’s leading technical universities. With respect to hydropower
and dam engineering, KTH has for many years been active within of the Swedish hy-
dropower Center (SVC), a key centre for research and educational activities in Sweden.
SwedCOLD established in 1931, and is one of the oldest members of the International
Commission On Large Dams, ICOLD. The development of hydro power for electricity
production was initiated in the late 19th century and made the large scale industrialisation
in Sweden possible. About 2000 hydropower plants are in operation in Sweden today,
producing almost half of the total electricity supply. Considering the many and relatively
old dams in Sweden, organizing the benchmark workshop was important to increase the
knowledge regarding managing aging hydropower structures.

The 14th ICOLD International Benchmark Workshop has addressed current challenges
regarding design and maintenance of existing dams and improved the understanding of
these by exchange of experience on the use of numerical modelling for design, perfor-
mance evaluation and safety assessment of dams. On behalf of the organizing committee,
I would like to express my sincere appreciation to the formulators/moderators of each
theme for their outstanding work to prepare the themes, reviewing the papers and evalu-
ating the results. I also want to thank all participants to the benchmark workshop for their
contributions and their presence to this benchmark workshop. Finally, the support from
the Technical Committee A and the support from the companies and organizations that
sponsored this benchmark workshop is gratefully acknowledged.

Stockholm, February 2018

Richard Malm
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Introduction to the 14th ICOLD International 
Benchmark Workshop on Numerical Analysis of 

Dams 
Malm R.1, Hassanzadeh M2 

1 KTH Royal Institute of Technology, Department of Civil and Architectural Engineering, Stockholm, SWEDEN 
2 SWECO, Hydropower and Dams, Stockholm, SWEDEN 

 

Background 
Every second year, the Technical Committee A (Computational Aspects of Dam Analysis and 
Design) of ICOLD organizes an international benchmark workshop on numerical analysis of 
dams. The purpose of these benchmarks is to share knowledge and experience within dam 
safety, planning, design, construction as well as operation and maintenance of dams. 
 
The design and maintenance of existing dams represent a challenge for the whole engineering 
community. In this context, the ICOLD Committee on Computational Aspects of Dam 
Analysis and Design is making a noteworthy contribution by organizing the series of 
recurring Benchmark Workshops with the aim of offering dam engineers and researchers the 
opportunity to share knowledge in the proper use of numerical analyses.  
 
During its long activity, the Committee A has organized 14 Benchmark Workshops with the 
aim to offer dam engineers the opportunity to compare experiences in the correct use of 
numerical analyses. 
 

1. Bergamo, Italy, (1991) 
2. Bergamo, Italy, (1992) 
3. Paris, France, (1994) 
4. Madrid, Spain, (1996) 
5. Denver, USA, (1999) 
6. Salzburg, Austria, (2001) 
7. Bucharest, Romania, (2003) 
8. Wuhan, China, (2005) 
9. St. Petersburg, Russia, (2007) 
10. Paris, France, (2009) 
11. Valencia, Spain, (2011) 
12. Graz, Austria, (2013) 
13. Lusanne, Switzerland, (2015) 
14. Stockholm, Sweden, (2017) 

 
The Benchmark Workshop has become a prestigious event in the agenda of Dam Engineers 
and Researchers worldwide. 
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Organization 
The ICOLD Technical Committee A on Computational Aspects of Analysis and Design of 
Dams consists of the following delegates 
 
Chairman 
Mazzà, G. Italy 
 
Vice-Chairman 
Zenz, G. Austria 
 
Technical Advisory Team 
Restelli, F.  Argentina 
Lopez, F. Australia 
Curtis, D.  Canada 
Chen, S.  China 
Marulanda, C.  Colombia 
Broucek, M. Czech Republic 
Varpasuo, P.  Finland 
Tancev, L.  Form. Yug. Rep. of Macedonia 
Frossard, E.  France 
Terheiden, K. Germany 
Dakoulas, P.  Greece 
Ghaemian, M.  Iran 
Meghella, M.  Italy 
Noguchi, H.  Japan 
Andersen, R.  Norway 
Popovici, A.  Romania 
Glagovsky, V.  Russia 
Minarik, M.  Slovakia 
Klun, M.  Slovenia  
Escuder-Bueno, I.  Spain 
Hassanzadeh, M.  Sweden 
Gunn, R.  Switzerland 
Ozen, O. Turkey 
Pelecanos, L.  United Kingdom 
Matheu, E.  United States 
Carrere, A. (Honorary Member)  France 
Fanelli, M. (Honorary Member)  Italy 
 
The organization of the 14th Benchmark Workshop was organized by the Local Organizing 
Committee (LOC) consisting of the following delegates 

• Malm, R. (chairman of the LOC) 
• Hassanzadeh, M. (Swedish delegate in ICOLD Com. A) 
• Nordström, E. (Swedish delegate in ICOLD Com. D) 
• Silfwerbrand, J.  
• Hellgren, R.  
• Gasch, T.  
• Eriksson, D.  
• Brunström, B. (secretary)  
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The technical content of the 14th Benchmark Workshop was developed and organized by the 
following formulators: 

• Theme A: Cracking of a concrete arch dam due to seasonal temperature variations.  
o Formulators: Malm, R., Hellgren, R., Ekström, T. and Fu, C. 

• Theme B: Static and seismic analysis of an arch-gravity dam.  
o Formulators: Andrian, F., Agresti, P. and Mathieu, G. 

• Theme C: Embankment dam behaviour – prediction of arching and cracking potential 
o Formulator: Dounias, G. 

• Theme D: Risk Analysis–assessment of reliability for concrete dams 
o Formulators: Westberg Wilde, M., Johansson, F., Ríos Bayona, F. and 

Altarejos García, L. 
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14th Benchmark Workshop 
In 6 to 8th of September 2017, the 14th Benchmark Workshop was held in Stockholm, the 
capital of Sweden. It was hosted by KTH Royal Institute of Technology, Sweden’s largest 
technical research and learning institution and one of Europe’s leading technical universities.  
 
The homepage of the 14th Benchmark Workshop can be accessed on the following link 
www.icold-bw2017.conf.kth.se, where more information can be found.  
 
For the 14th workshop in this series, four themes had been predefined which represent topics 
of great interest for the dam community,  

• Theme A: Cracking of a concrete arch dam due to seasonal temperature variations.  
• Theme B: Static and seismic analysis of an arch-gravity dam.  
• Theme C: Embankment dam behaviour – prediction of arching and cracking potential 
• Theme D: Risk Analysis–assessment of reliability for concrete dams 

 
In addition to these themes, one additional open theme was also available which allowed for 
participants to present their own topics and projects within the field of numerical analyses of 
dams. 
 

 
Theme A) 

 
 Theme B) 

 
Theme C) 

 
Theme D) 

Figure 1: Illustration of the four cases studied in theme A to D.  

 
The formulators for each theme had prepared a case study where all basic data (geometry, 
material properties, loads etc.) were described and participants volunteered to submit their 
solutions to these case studies. Since several solutions are presented, it is possible to see how 
different assumptions and modelling aspects influence the result and it is possible to 
benchmark newly developed constitutive models etc. This is an important part in spreading 
knowledge in the use of numerical methods and modelling tools for hydropower and dams 
and to highlight their advantages and/or disadvantages.   
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Technical program 
 
Wednesday, September 6th 

08:00 Registration 
09:00 Opening adress & Keynote speakers   
09:00 Richard Malm (KTH/SWECO)   
09:10 Lars Hammar (Vattenfall/SwedCold)   
09:25 Johan Silfwerbrand (KTH)   
09:40 Guido Mazzá (RSE S.p.A.)   

 
  10:00 Description of theme B Frédéric Andrian (Artelia) 

10:15 Description of theme D Marie Westberg Wilde (ÅF) 
   

10:30 Coffee break - Sponsored by ÅF  
11:00 Parallel sessions 

  Theme B (room: Congress B) 
Moderator: Frédéric Andrian (Artelia) 

Theme D (room: Congress A) 
Moderator: Marie Westberg Wilde (ÅF) 

11:00 Silvio Valente (Politecnico di Torino) Miroslav Marence (Unesco) 
11:20 Jerzy Salamon (USBR) Massimo Meghella (RSE Spa) 
11:40 Giorgia Faggiani (RSE Spa) Ignacio Escuder Bueno (Universidad Politecnica de 

Valencia) 
12:00 Emmanuel Robbe (EDF) Markus Goldgruber (Dynardo) 
12:20 Lorenzo Garcia (CIMNE) Magnus Engseth (Dr.techn.Olav Olsen AS) 
12:40 Panos Dakoulas (University of Thessaly) Ignacio Escuder Bueno (Universidad Politecnica de 

Valencia) 
Dealing with epistemic uncertainty to inform dam 
safety management 

 
  13:00 Lunch - Sponsored by WSP 

14:00 Parallel sessions 
  Theme B (room: Congress B) 

Moderator: Frédéric Andrian (Artelia) 
Open theme (room: Congress A) 

Moderator: Manouchehr Hassanzadeh 
(SWECO/LU) 

14:00 Sven-Peter Teodori (AF-Consult Switzerland) Magnus Engseth (Dr.techn.Olav Olsen AS) 
Probabilistic analysis of a gravity dam in Norway 

14:20 Xavier Molin (Tractebel Engineering SA) Markus Goldgruber (Dynardo) 
Investigation of the Reliability of Dams with 
Stochastic Finite Element Methods 

14:40 Edwin Staudacher (TU Graz) Thomas Konow (Dr.techn.Olav Olsen AS) 
Justification for selection of a factor of safety for 
dams 

15:00 Anton Tzenkov (Stucky) Pentti Varpasuo (PVA Engineering ) 
Thermal cracking of a concrete dam, PVA 
Engineering Services contribution to the 
ICOLD2017 Benchmark exercise theme A 

15:20 Stevcho Mitovski (Ss Cyril and Methodius 
University in Skopje) 

Renato Pereira (New University of Lisbon) 

 
  15:40 Coffee break - Sponsored by KTH 
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16:10 Theme B: Synthesis & Discussion Frédéric Andrian (Artelia) 
16:40 Theme D: Synthesis & Discussion Marie Westberg Wilde (ÅF) 
17:10 Closing remarks Richard Malm (KTH/SWECO) 
17:30 Closing of the first day 

 
  Thursday, September 7th 

08:30 Description of theme A Richard Malm (KTH/SWECO) 
08:45 Description of theme C George Dounias (EDAFOS) 
09:00 Short break to change to parallel sessions  
09:05 Parallel sessions 

  Theme A (room: Congress B) 
Moderator: Richard Malm (KTH/SWECO) 

Theme C (room: Congress A) 
Moderator: George Dounias (EDAFOS) 

09:05 Jonas Enzell & Markus Tollsten (KTH/SWECO) Ashok Chugh (USBR) 

09:25 Simon-Nicolas Roth (Hydro-Québec Production) Lelio Mejia (Geosyntec Consultants) 

09:45 Manouchehr Hassanzadeh (SWECO) Jasmina Toromanovic (LTU) 

10:05 
Eloisa Maria Castilho dos Santos (LNEC - 
Laboratório Nacional de Engenharia Civil) 

Marian Minarik (VODOHOSPODARSKA 
VYSTAVBA SOE) 

 
  10:25 Coffee break - Sponsored by Statkraft 

10:55 Parallel sessions 
  Theme A (room: Congress B) 

Moderator: Richard Malm (KTH/SWECO) 
Theme C (room: Congress A) 

Moderator: George Dounias (EDAFOS) 

10:55 Erlend Aasheim & Roar Lie (Multiconsult)  Adrian Kainrath (Tschernutter Consulting GmbH) 
11:15 Short break to change sessions   
11:20 Theme A  (room: Congress B) 

Moderator: Richard Malm (KTH/SWECO) 
Open theme (room: Congress A) 

Moderator: Manouchehr Hassanzadeh 
(SWECO/LU) 

11:20 Anton Tzenkov (Stucky) Giuseppe Lanzo (Sapienza Università di Roma) 
The use of FLAC for the seismic evaluation of a 
concrete gravity dam including dam-water-sediments-
foundation rock interaction 

11:40 Adrian Popovici (Technical University of Civil 
Engineering Bucharest) 

Daniel Verret (Hydro-Québec) 
Hydro-Québec's Embankment Dams Seismic 
Assessment Progressive Approach 

12:00 Ignasi de Pouplana (CIMNE) Maroua Hammami (Tractebel Engineering SA) 
Spectral element method for dynamic analysis of 
bounded arch-dam-water-foundation system 
considering material heterogeneity and reservoir 
water level 

12:20 Vincent Mouy (Tractebel Engineering SA) Alexandre-Gilles Simon (EDF) 
An analytical model for the monitoring of pore water 
pressure in embankment dams 

12:40 Tobias Gasch (KTH/Vattenfall) Giulia Buffi (University of Perugia) 
On the Identification of Rayleigh Damping 
Coefficients in the FE Modeling of the Seismic 
Response of a Concrete Arch-Gravity Dam 

      
13:00 Lunch - Sponsored by Comsol 
14:00 Parallel sessions 
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  Theme A 
Moderator: Richard Malm (KTH/SWECO) 

Open theme (room: Congress A) 
Moderator: Manouchehr Hassanzadeh 

(SWECO/LU) 
14:00 Markus Goldgruber (Dynardo) Mathieu Roy (Artelia) 

Thermo-Mechanical Calculations of the Janneh Dam 

14:20 Chenfei Shao (EPFL) Fernando Salazar (CIMNE) 
Computer-aided design and analysis of arch dam 

14:40 Shervin Shahriari (TU Graz) Mathilde de Granrut (EDF) 
Interpretation of Monitored Piezometric Levels at the 
Rock-Concrete Interface of Arch Dams using 
Artificial Neural Networks 

15:00 Chaoran Fu (ÅF Consultants) Alexandre-Gilles Simon (EDF) 
Improvement of Dam Behavior Prediction by taking 
into account the Viscoelastic Displacement of 
Concrete 

15:20 Frigerio Antonella (RSE Spa) Fernando Salazar (CIMNE) 
A systematic assessment of the influence of geometry 
and materials properties on the performance of arch 
dams  

   
15:40 Coffee break - Sponsored by Norconsult 
16:10 Theme A: Synthesis & Discussion Richard Malm (KTH/SWECO) 
16:40 Synthesis Theme C & Discussion George Dounias (EDAFOS) 
17:10 Discussions Richard Malm & Johan Silfwerbrand (KTH) 
17:30 Closing of the benchmark workshop 

 
   

Friday, September 8th 
08:00 Bus departure from Hotel Birger Jarl 
10:00 Älvkarleby Laboratory - Host Vattenfall 

- Coffee and cake (Sponsor Vattenfall) 
- Information about the history and the rehabilitation projects in Älvkarleby 
- Presentation of hydraulic lab., turbine rig, etc. 
- Guided tour at the old and new hydropower plant and the dams 

12:00 Lunch at Laxön - Sponsor Statkraft 
13:00  Untra hydro power plant - Host Fortum 

- Coffee and cake (Sponsor Fortum) 
- Information about the history and the rehabilitation projects in Untra 
- Guided tour at the hydropower plant and the dams 

14:45 Bus transport back to Stockholm (arrival at Arlanda Airport 16:30 and at Hotel Birger Jarl 17:30) 
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Sponsors 
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Summary of the Benchmark Workshop 
The benchmark workshop was a great success with 127 participants and 52 presented papers 
with solutions to theme A to D and contributions to the open theme. During the first two days, 
the technical presentations of the benchmark workshop took place and on the third day a 
technical tour was arranged. In the following figures, some photos from the technical sessions 
of the benchmark workshop are shown.  
 

 
Figure 2: Chairman of Local Organization Committee, Richard Malm gives his welcome 

speech. Photo: Helena Tirri Stålbo. 

 

 
Figure 3: Chairman of SwedCold, Lars Hammar gives his keynote lecture.  

Photo: Helena Tirri Stålbo.  
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Figure 4: Head of the department Civil and Architectural Engineering at KTH, Johan 

Silfwerbrand gives his keynote lecture.  
Photo: Helena Tirri Stålbo.  

 

 
Figure 5: Chairman of Committee A, Guido Mazzá gives his keynote lecture.  

Photo: Helena Tirri Stålbo.  
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Figure 6: Main formulator of theme A and chairman of the local organizing committee, 

Richard Malm presents theme A. Photo: Helena Tirri Stålbo. 

 

 
Figure 7: Main formulator of theme B, Frédéric Andrian presents theme B.  

Photo: Richard Malm 

. 
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Figure 8: Main formulator of theme C, George Dounias presents theme C.  

Photo: Helena Tirri Stålbo 

 

 
Figure 9: Main formulator of theme D, Marie Westberg-Wilde presents theme D.  

Photo: Edwin Staudacher 
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Figure 10: Gerald Zenz (vice chairman of Committee A) in a discussion during the summary 

of theme B. Photo: Edwin Staudacher. 

 
The Welcome reception started with a guided tour of the Vasa Museum where we learned 
about the Vasa warship that was salvaged after laying 333 years under the sea, and ended with 
a three-course dinner with typical Swedish cuisine. The Closing dinner started with a ferry 
cruise to the Stockholm archipelago consisting of 24 000 islands where a three-course dinner 
was served in the Vaxholm Citadel.  
 

  
Figure 11:  Guided tour and dinner at the Vasa Museum for the Welcome reception (left), 

Ferry cruise and dinner at the Vaxholm Citadel for the Closing dinner (right).   

 
On the third day of the Benchmark Workshop, a technical tour was arranged to the beautiful 
areas around the river Dalälven north of Stockholm. The lower parts of the Dalälven river is 
the cradle of Swedish hydropower with several hydropower facilities from the early 20th 
century. During the technical tour, we visited the hydraulic laboratory of Vattenfall Research 
and Development in Älvkarleby.  
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Figure 12: Guided tour of the concrete dams in Älvkarleby.  

Photo: Richard Malm 
 

 
Figure 13: One of the hydraulic models in the Vattenfall hydraulic laboratory.  

Photo: Richard Malm 
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Figure 14: One of the technical tour groups in front of Untra hydropower plant. 

 

  
Figure 15: Pictures inside the power house of Untra hydropower plant.  

Photos: Richard Malm 
 
The 14th ICOLD International Benchmark Workshop addressed the current challenges 
regarding design and maintenance of existing dams and improved the understanding of these 
by exchange of experience on the use of numerical modelling for design, performance 
evaluation and safety assessment of dams. 
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Theme A

Cracking of a concrete arch dam due to
seasonal temperature variations

Formulators:
Richard Malm (KTH/SWECO), Rikard Hellgren (KTH/WSP), Tomas Ekström (ÅF) and
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ABSTRACT:
Dams located in cold areas are often subjected to harsh environmental conditions and especially to
large  variations  in  temperatures  between  summer  and  winter.  This  variation  in  climate  between
summer and winter can be significant in the Northern countries, where for instance, in Sweden, many
dams  may  be  subjected  to  temperature  variations  of  about  60  –  70  °C  over  a  year.  Previous  studies
have shown that many of these concrete dams have been subjected to cracking as a result. Hence, in
Theme A of the 14th ICOLD Benchmark Workshop, participants were asked to predict the extent of
cracking  that  may  occur  on  a  typical  concrete  arch  dam  subjected  to  the  seasonal  temperature
variations in northern Sweden using numerical analyses.
In order  to  perform this  task,  thermal  analyses are  required to determine the temperature distribution
within the dam body due to the environmental conditions. After this, mechanical analyses are
performed to evaluate the induced stresses and strains based on these temperature distributions. The
formulators  request  results  from  linear  elastic  analyses  as  well  as  results  from  analyses  considering
material nonlinearity.

In total,  16 teams participated in this  theme and provided the requested results  to  the formulators.  It
can be seen that all participants predict cracking on large areas of the downstream surface. The
calculated  crack  pattern  obtained  from the  numerical  analyses  are  all  rather  close  in  agreement  with
the crack pattern observed on the real dam.

Overall, the calculated shape of the displacement of the dam corresponds quite well from most of the
participants with the measured displacements. It is important to remember that the temperatures
provided to the participants are more extreme than the corresponding temperatures when the measured
results have been extracted. Therefore it is expected that the calculated displacements to some extent
should exceed the measured.
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1 PART 1 – Description of the Theme

The first part of the synthesis report contains the description of theme A that was submitted to
all participants before the benchmark workshop.

1.1 Introduction
The design and maintenance of existing dams represent a challenge for the whole engineering
community.  In  this  context,  the  ICOLD  Committee  on  “Computational  Aspects  of  Dam
Analysis and Design” has performed noteworthy contribution to the diffusion of knowledge in
the specific field of numerical modelling. During its long activity, the Committee has
organized 13 Benchmark Workshops with the aim to offer dam engineers the opportunity to
compare experiences in the proper use of numerical analyses.

Dams located in cold areas are often subjected to harsh environmental conditions and
especially to large variations in temperatures between summer and winter, see for instance
Léger and Seydou (2009), [1]. The variation in climate between summer and winter can be
significant in Northern countries. In Sweden, many dams may be subjected to variations in
temperature between summer and winter of about 60 - 70 °C. Many of the concrete dams in
Sweden have as a result of this been subjected to cracking as shown by Malm and Ansell
(2011), [2]. Hence, in theme A of the 14th ICOLD Benchmark Workshop 2017, numerical
participant are asked to predict the extent of cracking that may occur on a concrete arch dam
subjected to the seasonal temperature variations in northern Sweden using numerical analyses.

In order to perform this task, thermal analyses are required to determine the temperature
distribution within the dam body due to the environmental conditions. After this, mechanical
analyses are performed to evaluate the induced stresses and strains based on these temperature
distributions. The formulators request results from linear elastic analyses as well as results
from analyses considering material nonlinearity.

The non-linear finite element method (NLFEM) relies on advanced numerical routines and
may  suffer  from  convergence  and  stability  problems.  The  use  of  such  tools  is  often
demanding for the practicing engineer, as the validity of the results relies on the accuracy of
the models used. There is thus a need to evaluate the use of the NLFEM for the analysis of
large concrete dams and to show the possibilities and restrictions associated with the method.
The goal with this theme is that the outcome will give examples of best practices regarding
non-linear modelling of cracking in concrete dams and how to consider the loads induced by
seasonal temperature variation.

1.1.1 Focus of theme A
The focus of theme A in the benchmark workshop is to analyse the risk for and the extent of
cracking on a concrete arch dam subjected to seasonal temperature variations. The aim is to
estimate the extent of cracking in the dam and how it influences the response, e.g.
displacements, of the dam.

In the theme, the geometry, material properties and the loads have been defined and are
delivered by the formulators. Some aspects of the numerical modelling are intentionally
defined so that the participants have an opportunity make their own assumptions and choose
suitable approaches to solve the problem.
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For instance, the participants may choose their own constitutive material models to describe
non-linear material behaviour, how to perform the thermal analyses and the level of detail
regarding boundary conditions and interactions. Thereby, by comparing the different
solutions, it should possible to draw conclusions regarding how different assumptions and
approaches influence the results.

In order to have a standardised appearance and structure of all papers, it is important that you
follow the instructions below:

1.1.2 Deliverables
All participants will be requested to deliver their solution to the defined problem including
output data regarding estimated crack pattern and displacements at different sections of the
dam.

The results delivered by the participants will be in both paper format describing the problem
and the chosen solution method but also raw data of the requested output data should be
submitted to the organizers by a excel template file.

All results will be collected by the organizers and compared at the Benchmark Workshop in
Stockholm, September 2017.

1.1.3 General basic assumptions
The focus is on seasonal temperature variations, in order to simplify the comparison between
the different solutions only the following loads should be considered in the analyses

· Gravity loads
· Hydrostatic water pressure
· Temperature variations (Only conductive/convective heat transfer should be

considered)

All material properties that are given correspond to mean values based on the concrete grade
or reinforcement type.  Since the aim with this theme is to describe the real  behaviour of the
dam and to predict cracking, mean values should be used, as described in Malm (2016), [3].
Besides this, the dam body should be considered monolithic, i.e. without consideration of
discontinuities  form casting  segments  (lift  or  contraction  joints).  Thereby,  all  other  types  of
loads and effects should be neglected, such as;

· Loads from ice pressures, uplift pressures etc.
· Thermal effects due to solar radiation
· Influence from construction sequence
· Influence from joints (such as lift and construction joints in the dam body)
· Influence from fractures in the rock foundation

1.2 Geometrical model
The full paper has to contain the title of the paper, the authors (the main author at first – e.g.
Malm R.), their affiliations, the e-mail address of the corresponding author, a short abstract,
the main body of the paper, a conclusion, optional acknowledgements, and references. Three
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levels of headings are allowed to be used. The two top levels are numbered while the third is
unnumbered.
The geometrical model is provided in the following file formats
• STEP .stp file
• ACIS .sat file
Other file formats can also be provided if requested by the participants. The geometry model
is shown in Figure 2 1, and consists of the following parts:
• Concrete arch dam including spillway section (Figure 2 2)
• Rock foundation (Figure 2 3 or Figure 2 4)

Figure 1-1: Illustration of the geometrical model of the concrete arch dam, spillway and the
foundation.

The concrete arch dam is about 40 m high and has a crest length of about 170 m with a radius
of 110 m. The geometry of the arch dam is shown in Figure 2 2. The dam has reinforcement
layers on both the upstream and downstream surfaces. The concrete cover is 100 mm.

· The horizontal (hoop) reinforcement on both surfaces corresponds to one layer of bars
with a diameter of 25 mm and a spacing of 300 mm.

· The vertical reinforcement consists of one layer on the upstream surface consisting of
bars with a diameter of 25 mm and a spacing of 300 mm. On the downstream surface,
two layers of 25 mm bars with a spacing of 300 mm are present. The spacing between
these two layers is equal to 100 mm.

Figure 1-2: Sketch of the reinforcement in the arch dam.
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The concrete spillway has a total height of 30 m and a total width of about 35 m, divided into
two spillway sections of about 12 m each. The concrete spillway is illustrated in Figure 2 2.

Figure 1-3: Illustration of the concrete arch dam.

Several different alternatives exists for defining the geometry of the rock. In the provided
CAD geometry files (.sat and .igs), the rock mass is divided into three separate cells (parts).
This  allows  for  the  participants  to  easier  study  the  influence  of  different  geometries  of  the
rock foundation.

If  only a small  portion of the rock is studied, then only the parts illustrated in Figure 2 3 a)
and b) are needed. In this model only a few meter of rock in the up- and downstream direction
are included.  If all parts of the rock foundation are included, i.e. Figure 2 3 a), b) and c), then
a significant part of the rock is considered. The approximate size of the rock is 193 * 225 m
where the thickness varies from about 20 m to 60 m.

a) b) c)
Figure 1-4: The rock foundation divided into three parts, a) beneath the dam, b) smaller

portion of the rock, c) large rock foundation.

In addition to this, a slightly smaller part of the rock mass is considered in the provided mesh.
In the model that contains suggested mesh, the rock foundation has roughly the following
dimensions 90 * 210 m and a thickness varying between 18 m to 60 m. The geometry of the
rock foundation is shown in Figure 2 4.
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Figure 1-5: Illustration of the rock foundation.

1.3 Mesh properties
Defining a suitable mesh is an important part of numerical analyses, and especially in
analyses considering non-linear material behaviour.

The requirement of the mesh, regarding the size of the elements, depends on the chosen
material behaviour and type of constitutive material model (such as smeared or discrete
cracking model).
Therefore, even though one suggestion for mesh is provided by the formulators, it may be
required that the participants define a mesh of their own that is suitable for their analyses.

An input-file in ASCII code (.inp) is provided with the raw data of the coordinates of all
nodes and the topology of the elements in the FE-model.

The dam (including spillway) has been meshed with 4-node linear tetrahedron elements
(C3D4 in  Abaqus),  with  a  typical  length  of  about  0.75  m.  The  concrete  parts  consists  of  65
874 nodes and 292 536 elements.
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Figure 1-6: Provided mesh of the arch dam, spillway and the abutment.

The rock has also been meshed with 4-node linear tetrahedron elements (C3D4) with a length
varying between about 0.75 and 3.0 m. The rock consists of 43 942 nodes and 208 399
elements.

Figure 1-7: Provided mesh of the rock foundation.

The convention used for element definition in Abaqus is illustrated in the figure below. This
figure shows the node numbering for the element type that is provided in the input-files.

Figure 1-8: Node and element convention in the provided mesh.

1.4 Material properties
Both thermal and mechanical analyses are needed to estimate the crack risk and/or crack
propagation due to seasonal temperature variation. In the following sections, the material
properties needed for these types of analyses are given. Depending on the level of detail in the
analyses (such as transient vs steady state thermal analyses or linear vs non-linear mechanical
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analyses), different material inputs are needed. Therefore, in the following section the
material properties given correspond to those needed in all these analyses.

Table 1: Concrete material properties.

Property Value Unit Comment

E-modulus 33 GPa

Poisson’s ratio 0.2 -

Density 2300 kg/m3

Compressive strength 38 MPa

Tensile strength 2.9 MPa

Thermal expansion 1e-5 K -1

Thermal conductivity 2 W/(m*K)

Stress/strain free temperature 4 °C

Specific heat capacity 900 J/(kg*K)

The participant is free to assume suitable fracture energy and the shape of the tensile and
compressive stress-strain curves for the uniaxial non-linear behaviour of concrete as well as
the shape of the failure envelopes for its multiaxial behaviour.

In addition, different non-linear constitutive material models for concrete may require
additional material parameters. These material properties should be chosen by the participant.

1.4.1 Reinforcement
The reinforcement can be assumed to correspond to an old Swedish standard KS 40 with the
mean value material properties given in Table 4 2.

Table 2: Reinforcement material properties.

Property Value Unit Comment

E-modulus 200 GPa

Poisson’s ratio 0.3 -

Density 7800 kg/m3

Yield stress 360 MPa

Ultimate strength 600 MPa
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Ultimate strain 0.15 -

Thermal expansion 1e-5 K -1

Thermal conductivity 39 W/(m*K)

Stress/strain free temperature 4 °C

Specific heat capacity 450 J/(kg*K)

Nonlinear material behaviour should be included in the analysis if deemed necessary; in that
case, the participant may assume the shape of the stress-strain curve for the uniaxial non-
linear behaviour.

1.4.2 Rock
The rock should be considered as a linear elastic material without considerations of fractures
etc. The material properties given in Table 4 3 should be considered for the rock.

Table 3: Rock material properties.

Property Value Unit Comment

E-modulus 40 GPa

Poisson’s ratio 0.15 -

Density 2700 kg/m3

Thermal expansion 1e-5 K -1

Thermal conductivity 3 W/(m*K)

Stress/strain free temperature 4 °C

Specific heat capacity 850 J/(kg*K)

1.5 Thermal analyses
The seasonal temperature variation should be considered in the analyses. Thermal analyses
can be performed as either steady state or as transient. The data given in this section
corresponds to the information required to perform a transient analysis. Transient analyses are
in general required for these types of analyses since it may take significant time to reach a
steady state condition for massive concrete structures.

The two main sources of external temperatures acting on the concrete dam are the ambient air
temperature and the temperature of the water.

Temperature values for the ambient air and in the water have been developed based on
temperature statistics for the last 40 years. Extreme temperature values with short duration has
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little effect on the structural behaviour, therefore the temperature values have been averaged
to give the maximum and minimum temperatures over a 7 day period for each month. Based
on this data, the maximum and minimum temperature for each month and are shown in Figure
5 1 and Figure 5 2 respectively. The temperature values are also given in Table 5 1.

Measurements on water temperatures in the reservoir has shown that the water temperature is
more or less constant over the depth and can just above freezing temperature (i.e. 0 °C) during
the winter. Therefore, the water temperature should be assumed to be constant over the depth.

Figure 1-9: Maximum temperatures for each month.

Figure 1-10: Minimum temperatures for each month.
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Table 4: Monthly temperatures

Maximum temperatures
(Figure 1-9)

Minimum temperatures
(Figure 1-10)

Month Air (°C) Water (°C) Air (°C) Water (°C)
Jan -0.2 0 -25.8 0
Feb 0.6 0.4 -23.6 0
Mar 2.4 1.7 -15.7 0
Apr 6.5 4.6 -6.5 0
May 14.8 10.4 1.1 0.8
Jun 18.5 13 6.6 4.6
Jul 19.7 13.8 10 7
Aug 18 12.6 7.3 5.1
Sep 12.6 8.8 1.9 1.3
Oct 8 5.6 -6.4 0
Nov 3.1 2.2 -15.9 0
Dec 0.6 0.4 -23.8 0

1.5.1 Convective heat transfer properties
Temperatures may be defined as prescribed values on the nodes in the model or as ambient air
temperatures with a convective heat transfer coefficient. If convective heat transfer
coefficients are used, the values given in Table 5 2 should be used.

Table 5: Convective heat transfer coefficients to be used in heat transfer analyses

Parameter Convective heat
coefficient
(W / (m2 K))

Comment

Downstream
surface of the arch
dam – air

4 The downstream surface should be considered to
have lower conductive heat coefficient compared
to other concrete surfaces. (the reason is that there
is usually some heat insulating material installed
on the downstream surface on dams in Sweden)

Concrete – air 13 For all surfaces exposed to air, except the
downstream surface of the arch dam.

Concrete – water 500

Concrete - rock 1000

Rock – air 13

Rock - water 500

It is only the conductive and convective heat transfer that should be considered in the thermal
analyses, i.e. thermal effects due to solar radiation should be neglected.
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1.5.2 Example on combination of thermal data
Thermal analyses can be performed as heat transfer analyses based on either steady-state or
transient assumptions. It is up to the participant to choose a method that is suitable.

Regardless of which approach that is used, it is only results from the warmest summer month
and the coldest winter month that will be requested.

The given temperature curves represent maximum and minimum temperatures for each month
during one year. There are several different approaches that could be used to combine these
curves. In the following section, one example is given.

The reference temperature given can be assumed to correspond to the evenly distributed
temperature within the whole structure. This temperature thereby constitutes the initial value
used in the thermal analyses.

Non-linear FE analyses are history dependent and therefore the loading sequence is important.
Below a case where it starts with a warm year is described and is also shown in Figure 5 3.

· After this a warm year can be added, here chosen to start from the month April since
its temperature is fairly close to the reference temperature.  Some transition period is
needed to go from the initial value to the curve of the warm year.

· After the warm year, a new transition period is needed to go from the warm to the cold
year. The cold year is here assumed to start in the month of June since it is fairly close
to the temperature of March from the warm year.

Figure 1-11: Example 1 - combination of the input data for warm and cold year.

The corresponding example where the analyses start with a cold year is shown in Figure 5 4.
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Figure 1-12: Example 2 - combination of the input data for warm and cold year.

Of course, many different combinations are possible and this is why the participants have an
option to define their own way to combine the input temperature data.

In some cases it is possible to assume steady state conditions where only calculation of
summer and winter conditions are considered respectively, see for instance Malm and Ansell
(2011), [2].

In addition, it should be remembered that the analyses may require that some cyclic analyses
are performed in order for the full extent of crack pattern is developed.

1.6 Mechanical analyses
The mechanical analyses are performed to calculate the stress and displacements in the
concrete arch dam. These analyses may be performed as static or quasi-static depending on
the preferences of the participant.

As previously stated in Section 1.3, the loads that should be considered in the analyses are
· Gravity loads
· Hydrostatic water pressure
· Temperature variations

1.6.1 Gravity loads
The gravity load for the concrete arch dam should be included in all analyses based on the
densities given in Section 4. No gravity load should be considered for the rock mass.

1.6.2 Hydrostatic water pressure
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Hydrostatic water pressure should be included in all analyses.  The water level should be
assumed equal to the crest height.

Figure 1-13: Illustration of applied water pressure

1.6.3 Temperature
The temperature distributions obtained from the thermal analysis should be used as input to
the static analysis to calculate the stress, displacements etc. caused by these temperatures.

1.7 Boundary conditions and interactions
In the geometry of the FE-model, some simplifications have been made compared to the
actual dam. In the actual case, the dam is excavated into the rock where the support is made to
act like a hinge, i.e. preventing displacements but not rotation. In addition, asphalt coating has
been applied at the rock surface to prevent cohesion between the dam and the rock. In the
geometry of the FE model, this has been simplified where the excavation is neglected and
instead a plane foundation between the rock and the concrete is assumed, see Figure 7 1.

Figure 1-14: Illustration of the real foundation compared to the idealised geometry in the FE
model.

Participants may define the boundary conditions and/or interactions between the different
parts that they consider to be the most representative for the problem formulation. If contact
formulation is used, then suitable friction coefficient should be determined by the participant.

1.8 Type of analyses
There are different types of analyses that should be reported from this benchmark workshop.
In total, three steps are described below.

Geometry of the dam Geometry of the FE model

No cohesion, due to asphalt coating
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· Thermal analysis (Step 1) is compulsory to report if participating in theme A.
· Linear mechanical analysis (Step 2) is  compulsory to report  if  participating in theme

A.
· Non-linear mechanical analysis (Step 3) is compulsory, since this is one of the major

concerns of the theme.

These analyses should be described in the paper and in addition should also be submitted to
the formulators via the excel template file.

Below, the different analyses and the purpose and these are described.

Thermal analysis (Step 1): Thermal analysis performed as transient or steady state

· Calculate the temperature distribution, which will be used as input in the static
(mechanical) analyses.

Linear mechanical analysis (Step 2): Linear mechanical analysis due to gravity load,
hydrostatic pressure and temperature variation

· Calculate the risk of cracking by identifying the areas that may be subjected by
cracking.

· Calculate the displacement of the dam to be used for comparison with the analyses in
step 3.

Nonlinear mechanical analysis (Step 3): Nonlinear mechanical analysis due to gravity load,
hydrostatic pressure and temperature variation

· Calculate the extent of cracking, i.e. the crack pattern, in the dam body.
· Calculate the displacement of the dam

In  addition,  all  participants  also  have  the  possibility  to  include  other  specific  aspects  or
assumptions that is believed to improve the analysis. These analyses can be documented and
presented in the paper but extracted results from these should not be submitted to the
formulators via the excel template file.

1.9 Requested results
The following results should be presented and delivered to the formulators of the theme via
the excel template file.

Thermal analysis (Step 1)
· Show the temperature distribution for the centre section of the dam for the months

January (minimum temperature) and July (maximum temperature).

Mechanical analyses (linear and/or non-linear)
Curves illustrating the variation in displacements along three preselected lines on the
downstream surface of the dam should be presented for all mechanical analyses (step 2 and/or
step 3)

· Calculated displacement on the downstream surface of the dam in the centre section as
a function of the dam height, for the initial conditions (gravity load and hydrostatic
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water pressure) in addition to minimum and maximum displacements due to
temperature variations respectively.

· Calculated displacement of the downstream surface along the two lines illustrated in
the figures below. In both cases, the zero on the x-axis (representing the crest length)
should be defined at the side of the spillway section.

o along the crest
o a line ~14 m below the crest on the downstream surface

In addition to these displacements, additional results are also requested and these are
described below for linear and non-linear analyses separately.

Linear mechanical analyses (step 2)
· Present contour plots illustrating the displacement of the dam
· Present contour plots illustrating the areas which are exceeding the tensile strength, i.e.

the areas that may be subjected to cracking
· Present a vector direction plot showing the maximum and minimum principal stress

directions of the downstream view of the arch dam.
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Non-linear mechanical analyses (step 3)
· Present contour plots illustrating the displacement of the dam.
· Present contour plots illustrating the calculated extent of cracking, i.e. showing non-

linear strains, damage, crack planes etc.

1.10 Estimated time needed to solve the theme
The time needed to solve the problems depends on the ambition and previous experience of
the participants.

In the following section, a rough estimation of the time needed to solve all steps of Theme A,
are summarized. This information was provided to participants in the description of the
theme. The following calculation is based on that the given geometry-file or mesh is used that
only the analyses requested by the formulators are performed, i.e. and no additional analyses
are performed.

Table 6: Estimated time needed for theme A.

Type of analysis Estimated time needed
(days)

Low High

Preparing the given model
Importing the geometry-file or mesh into selected software
and meshing or re-meshing the model if needed.

0.5 1.0

Thermal analysis (step 1)
Definition of thermal material properties, thermal
interactions/boundary conditions, etc. Performing analyses
and evaluating and extracting the requested results

1.5 3.0

Linear mechanical analysis (step 2)
Definition of linear material properties, loads, mechanical
interactions/boundary conditions, etc. Performing analyses
and evaluating and extracting the requested results

2.0 3.0

Non-linear mechanical analysis (step 3)
Definition of non-linear material properties. Performing
analyses (incl. some time to overcome convergence issues
etc.) and evaluating and extracting the requested results

5.0 10.0

Total time needed (days) 9.0 17.0

The  time  needed  to  solve  Theme  A  is  estimated  to  be  between  9  to  17  working  days,
depending on previous experience and ambition level. In addition to the time specified above,
the participants also need time to write the conference paper. The time needed for this is
considered to be very individual and hence not estimated here.
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2 PART 2 – Description of the reference case study

In this section, the reference case study will be described more in detail. This information was
not available to the participants of the benchmark workshop.

2.1 Introduction
The geometry of the case used in this theme is based on a typical arch dam in Sweden where
these dams were built between 50 to 70 years ago. In Figure 2-1, two examples of Swedish
arch dams are shown.

The Swedish arch dams have a high length-to-height ratio, where the specific case studied in
this theme has a ratio of 4.25. These dams are relatively slender; which may be a result of that
seismic events are not considered as design loads (Sweden is a low-seismic region). Finally,
many of the Swedish concrete dams were built with reinforced concrete, in contrast to most
other countries where concrete dams typically are unreinforced. Thereby the contraction joints
in between monoliths in these arch dams are designed to transfer loads tensile loads.

a) b)
Figure 2-1: Photos of two examples of arch dams in Sweden.

Most of the concrete dams in Sweden have an insulating wall installed on the downstream
surface. In some cases, these were built at the same time as the dam but in most cases these
have been built afterwards to reduce the thermal gradient over the dam body. Thereby, these
reduce the risk of freeze-thaw damage in the dam. The newer insulating walls are typically
built of sandwich elements consisting of two steel sheets with insulating material such as rock
wool, expanded polystyrene (EPS), etc., in-between. Photos of installed insulating walls on
two Swedish dams are shown in Figure 2-2.

The insulating walls are installed at a certain distance from the downstream surface which
thereby allows personnel to walk in the enclosed area between the downstream surface of the
dam and the insulating wall, as illustrated in Figure 2-3. This allows for the inspections of the
downstream surface of the dam. On many of these dams, the air enclosed between the dam
and the insulating wall is heated during the winter to reduce the risk of cracks or crack
propagation.

The dam used for theme A, had an insulating wall installed already after completion.

37



a) b)
Figure 2-2: Photo showing a newly installed insulating wall; a) on an arch dam and b) on a

buttress dam.

a) b)
Figure 2-3: Examples of installation of insulation walls, a) arch dam, b) buttress dam.

2.2 Instrumentation and measurements
On the dam used in the theme, measurements have been performed for almost 70 years where
the displacement of the dam was measured with triangulation of the measuring points
illustrated in Figure 2-4. These measurements were not automated but performed typically
twice every year. Some influence from measuring errors might occur due to the manual
reading, but these are not believed to influence the results to any significant extent.

Along the crest (section 100), eight points are measured. About 18 m below the crest, the next
measuring section is located (section 200) and measuring section 300 is located about 26 m
below the crest. In both of these latter sections, three measuring points are installed. This

Insulating wall

Water level

Buttress wall

Inspection gangway

Upstream side

Downstream side

Front-plate
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means  that  it  is  possible  to  evaluate  the  displacements  along  the  elevation  of  the  dam  at
Section 03, Section 06 and Section 09, as shown in Figure 2-4.

Figure 2-4: Measuring points on the dam.

All displacements were measurements in the radial direction. However, in order to simplify
for the participants in theme A, all measured displacements were transferred to the x-direction
of the geometry model provided.

In the following, some measured data have been selected as representative for the behaviour
of the dam. In Figure 2-5, typical measured displacements for summer and winter conditions
respectively are presented. Positive displacement shown in the figure corresponds to
displacement in the x-direction of the dam which roughly corresponds to increasing
downstream movement while negative displacement corresponds to upstream movement.

Two curves are presented for summer (years 1963 and 2014) and winter (years 1966 and
2011) respectively where one represents the behaviour a few years after construction and the
other presents the behaviour after about 50 years in service. The reason why two curves are
presented for summer and winter respectively is because the behaviour of the dam has to
some extent changed over the years. As seen in Figure 2-5, the displacement along the crest
was in general larger in the years following the installation and over the years the
displacement along the crest has reduced. This is valid for both summer and winter
conditions, where the peak to peak value between summer and winter has decreased. The
same phenomenon can be seen in Figure 2-6, which shows the measured displacement in the
centre of the dam as a function of the dam height. As it can be seen the figure, the shape of the
displacement curve during winter was almost linear a few years after completion of the dam.
Over the years, the displacement curve has become more curved with a maximum
approximately 20 m above the ground. This is due to cracking of the dam, where several
horizontal cracks have initiated on the downstream surface of the dam. These horizontal
cracks are in fact arching on the downstream side towards the left and right-hand side of the
dam. As a result of cracking, the restraint reduces which leads to lower temperature induced
displacements of the dam.
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Figure 2-5 Measured displacement along the crest.

Figure 2-6: Measured displacement along the center line of the dam.

An illustration of the mapped cracking on the downstream face of the dam is illustrated in
Figure 2-7.
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Figure 2-7: Schematic illustration of the characteristic cracks on the downstream surface of
the dam.

2.2.1 Influence of cracks on the dam safety
In order to prevent further cracking of the dam and to reduce the influence from seasonal
thermal variations, a new insulating wall was built which resulted in more efficient climate
control of the dam. Due to this, no further cracking from seasonal temperature variation is
expected. Investigations have also been performed regarding the safety of the dam, and the
need for further remedial works. However, it has been shown that the cracks on the
downstream side of the dam have minor influence on the dam safety and that the failure mode
is ductile due to the reinforcement. This was for instance shown in Enzell and Tollsten (2017)
[4], where the factor of safety for global failure of the concrete dam was almost 3.5 as seen in
Figure 2-8.

Figure 2-8: Simulation of dam failure with and without cracks, from [4].
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3 PART 3 – Description of contributions

3.1 Introduction
In total, 16 teams contributed to theme A from the following countries:

· Sweden 3
· Austria 2
· Switzerland 2
· Sweden/Netherlands 1
· Canada 1
· Finland 1
· France 1
· Italy 1
· Portugal 1
· Norway 1
· Spain 1
· Romania 1

Due to different climates, types of dams, and the fact that thermal cracking may be considered
differently in these countries, it was therefore of great interest to see if the participants tackled
the problem differently.

By looking at the affiliation of the first author of the participants, they could be sorted as
follows.

· University / Research organisation 8
· Consultants 7
· Dam owners 1

In  addition,  software  developers  were  also  highly  active  in  several  of  the  contributions,  by
contributing to develop the models and/or performing the analyses.

3.2 Participants

In Table 7 a summary of all participants is presented. Please note that the number given to
each participant in the table does not correspond to the order in which the papers are
presented. Many of the participants have made several analyses, based on different input,
material models etc. However, all participants had to choose one of their solutions and submit
all requested results for this. In the table below, a summary of the main characteristics of their
input is presented.
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Table 7: Summary of participants

Software Material model
Fracture
energy Curve Comments

1 Kratos Damage theory (smeared) no info Exponential

2 Abaqus Concrete Damage Plasticity 140 Bilinear

3 Ansys Kotsovos (1979,1980) - Brittle

4 BrigadePlus Concrete Damage Plasticity 280 Exponential

5 Ansys
Menetrey-William Concrete

Plasticity 200 Exponential

6 Comsol Damage theory (smeared) 140 Exponential submodel

7 Diana
Total strain rotating crack

model 170 Linear

8 Ansys Damage theory (smeared) 240 Exponential
Modified

temperature input

9 Ansys Damage & plasticity theory 140.5 bilinear

10 Abaqus Simplified NL (plastic) ∞ -

11 Paramac3D Damage theory (smeared) 600 Linear

12 Diana Total strain fixed crack - Brittle

13 Diana
Total strain rotating crack

model 280 Linear

14 MSC/Nastran Simplified NL (plastic) ∞ -

15 Abaqus Concrete damage plasticity 280 multi-linear

16 Ansys Microplane model No info Linear?

3.3 Main differences in the solution methodology between the participants
In this section, the main differences in solution methodology between all participants are
summarized. This is divided into the following subsections

· Thermal analyses
· Interaction between dam and foundation
· Boundary conditions
· Non-linear material behaviour
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These points correspond to the areas where the participants were allowed to make their own
assumptions in the theme, i.e. where input intentionally had been left out in the project
description, see PART 1.

3.3.1 Thermal analyses
Most participants had solved the thermal analyses as transient condition, and one contribution
was based on steady state conditions. The main difference between these two approaches is
that in a steady state analyses assumes linear temperature distribution within a material, i.e.
corresponding to the results that would be achieved after infinite time. The transient analyses,
instead considers the time the temperature is acting on the structure as illustrated in the
example shown in Figure 3-1.

a) b)

Figure 3-1: Examples of transient temperature distribution as a function of duration, from [4].

One of the participants (no. 14) did not perform a thermal analysis, instead the temperatures
given in Section 1.5 where defined on the surface nodes (i.e. dirchlet boundary conditions) of
the mechanical model. This means that all other nodes where assumed to be at the stress-free
temperature i.e. + 4 °C. This approach would correspond to a highly transient condition where
the temperature would only influence the outermost surface of the dam on the upstream and
downstream surfaces. For winter temperature conditions, the difference between this
temperature distribution and a linear distribution is shown in Figure 3-2.
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Figure 3-2: Assumed simplified temperature profile in the thickness direction of the dam of
one participant.

All the contributions that were based on transient analyses considered convective heat transfer
(robin) boundary conditions. Thereby, from this study it will not be possible to distinguish if
differences in thermal results depend on type of analysis (transient vs steady analyses) or type
of boundary conditions (robin vs dirchlet boundary conditions). However, based on results
from previous studies, the use of prescribed nodal temperatures (dirchlet) and convective
(robin) has in general relative small influence on these types of applications. The temperature
variations change slowly and therefore minor influence is expected overall. Some differences
may occur due to the low conductive heat coefficient for the insulating wall, meaning that
dirchlet boundary condition is rather conservative. In addition, in localized areas where two
thermal boundaries meet (for instance at the upstream side near the water level), significant
thermal gradients may occur. This will however only lead to local differences that in general
have little effect on the global behaviour. However, considering that the mechanical analyses
are performed as non-linear it is therefore recommended that convective heat boundaries are
applied since this leads to reduced risk of convergence issues.

In  the  description  of  the  theme,  it  was  free  for  the  participants  to  interpret  the  provided
thermal data and how these could be combined into simulations to predict the extent of
cracking. Almost all participants used the suggested approach to combine the thermal data for
a warm year and a cold year as presented in PART 1, Section 1.5.2. Many of the participants
studied differences between starting with a cold year or warm year. In addition, many of the
participants also studied the influence in result from cycling more than two years. In general,
only small differences could be detected in the non-linear analyses depending on if the
analyses started with a warm or cold year. In addition, the conclusion from the participants
was also that cycling additional years had minor effect on the results.

One of the participants (no. 8) used alternative thermal data as input for their simulations. In
their analyses, they instead used measured data in a Swedish city in the north of Sweden
between 2001 and 2007. In their investigation, they focused on differences of using average
temperature data compared with real measured data.

Another contribution (no. 12) also studied the influence of the interval between the thermal
data in the structural analysis. After a transient thermal analysis is performed, this result is
imported into a mechanical analysis and is interpreted as imposed strain. In their contribution,
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they studied the difference of importing only a few points summer and winter respectively
compared to continuously importing thermal data.

3.3.2 Interaction between the dam and the rock
Some participants assumed fixed constraint between the base of the dam and the foundation,
while others included contact formulations. Several of the participants used fixed constraint
for the linear analyses and included non-linear contact formulation for the analyses
considering non-linear material behaviour. In the case where contact formulations were used,
all participants allowed for joint opening while preventing tangential movement. The reason
why the tangential movement was prevented was that the real dam is designed to look like a
hinge with a curved shape that is submerged in the rock as shown in Figure 3-3.

Figure 3-3: Illustration of the acctual geometry and the simplification in the geometry model.

This can however be considered in several in different ways, as shown by the participants.
Some participants defined a high coefficient of friction (typically higher than 20) which
thereby prevented horizontal displacement at the base. Others instead used a built-in function
in their software’s where no horizontal slip was allowed to occur. The latter method is of
course more correct and prevent horizontal movement but may result in problems finding a
converging solution. The horizontal movement in the first method will be infinitely small if
the coefficient of friction is high enough. In the normal direction, most participants defined a
non-linear contact formulation that transmits compressive forces (typically, no penetration of
the master nodes into the slave nodes) but has zero stiffness for opening displacements. One
of the participating teams (no. 4) had defined a softer contact for the transition between
compressive and tensile forces where a continuous function was used that also allows for
some penetration of the master node into the slave nodes, as seen in Figure 3-4

a) b) c)
Figure 3-4: a) Illustration of real behaviour, b) behaviour with soft contact, c) pressure-

overclosure relationship, from participant no. 4.

Geometry of the dam Geometry of the FE model

No cohesion, due to asphalt coating
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Other methods used to prevent horizontal movement could be to constrain the downstream
edge of base of the dam in all directions as shown in Figure 3-5 a) or updating the geometry
of the base of the dam so that it is more similar to the real foundation as shown in Figure 3-5
b).

a) b)
Figure 3-5: Examples of alternative methods to constrain the dam to the foundation. a)
constrained downstream line, from participant no. 2, and b) updated geometry, from

participant no. 9.

3.3.3 Non-linear material behaviour
This section focuses on the non-linear behaviour of concrete due to cracking. There are of
course other effects that can cause non-linear material behaviour, such as creep, etc. One
participant, no. 8 considered used a lower elastic modulus (2/3 of the given value) to account
for the thermal relaxation. This results of course in lower stresses in the concrete structures
but results also in increasing displacements due to the reduced stiffness.

In the mechanical analyses, all participants performed non-linear analyses to account for the
effect of cracking. As shown in Table 7, most contributors used built-in material models in
commercially available software. These material models are typically continuum based,
meaning that individual cracks are not necessarily calculated. Instead, cracks are distributed
over the elements which results in reduced stiffness of the cracked elements. Two of the main
input parameters for non-linear material modelling of concrete were intentionally not given as
input in the description of the theme; fracture energy and the shape of the tensile curve. The
reason for this is that there is little information regarding suitable size of fracture energy for
concrete used in hydropower applications.

Fracture energy
In Figure 3-6, the fracture energy that the participants used in their simulations is shown.
Participant no. 3 and 12 both used brittle definition in their material model, this means that the
have a fracture energy corresponding to the elastically stored energy just before cracking. The
fracture energy that were used in their solutions depend on the element size in the models but
it should be very small compared to the others. Therefore, these have been presented as zero
in the figure. Participant’s no. 1 and 16. did not present the fracture energy that they used,
however when analysing their uniaxial tensile curves, it seems that these corresponds to rather
high  fracture  energy  (most  likely  >  700  Nm/m2). Two contributions, no. 10 and 14 where
based on simplified non-linear behaviour where elasto-plastic behaviour was assumed. In
these analyses, the fracture energy corresponds to infinity. Thereby, based on the other
participants that defined a specific value for the fracture energy, the mean value of these is
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approximately 250 Nm/m2. However, the variation in fracture energy between these
participants is from about 140 Nm/m2 to 600 Nm/m2.

Figure 3-6: Difference in fracture energy between the participants.

Fairly limited information regarding suitable fracture energy for concrete used for
hydropower and dams exist in the litterature. Concrete used in hydropower differs however
compared to conventional concrete. The following characteristics are typical for concrete used
for hydropower applications;

· Use of larger maximum size of the aggregates (100 mm in this specific case)
· Lower tensile strength
· Slightly lower elastic modulus

The material property characteristic length ( ) describes the ductility of the material  and is
defined as

=
∙

where,

 is the elastic modulus [Pa]

 is the fracture energy [Nm/m2]

 is the tensile strength [Pa]

According to Bažant (2002) [5], conventional concrete has typically a characteristic length of
0.5 m, while concrete used for hydropower applications (with large aggregates) can have a
characteristic length up to 3 m.

For conventional concrete, the fracture energy can for instance be obtained from Model Code
2010 [6]. In its previous version, i.e. Model Code 90, the fracture energy was defined as a
function of the maximum aggregate size. A comparison between the fracture energy
according to Model Code 90 and Model Code 2010 is shown in Figure 3-7. However, the
recommended values given in Model Code 90 are very low compared to the significantly
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higher values given in Model Code 2010. The values given in Model Code 90 are thereby
considered to be very conservative.

Figure 3-7: Fracture energy according to Model Code 90 and Model Code 2010.

Based on the presented information in Model Code 90 and Model Code 2010, it can be
concluded that the fracture energy depends significantly on the size of the maximum
aggregates. This has also been shown in many experimental studies, see for instance
Ghaemmaghami & Ghaemian (2006), [7], that tested the fracture energy experimentally for
concrete specimens with aggregate sizes up to 70 mm, as shown in Figure 3-8.

Figure 3-8: Fracture energy as a function of maximum aggregate size, from Ghaemmaghami
& Ghaemian (2006)

The fracture energy given in Model Code 2010 is considered to be suitable for conventional
concrete, typically with maximum aggregate size 32 mm. Considering that hydropower
applications use larger aggregates than this, then the fracture energy should likely be higher
than the values given in Model Code 2010. Brühwiler (1990), [8] presented fracture properties
for concrete used in typical dams and a comparison of the fracture properties (mean values)
are presented in Table 8. According to this study, fracture energy for typical concrete used in
dams varied (mean values) between 230 Nm/m2 to 310 Nm/m2.  This is  well  in line with the
used fracture energy according to many of the participants. The lowest values used by the
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participants as shown in Figure 3-6 was 140 Nm/m2 which corresponds to the values given in
Model Code 2010.
Table 8: Fracture properties (mean values) of mass concrete, from [8].

3.3.4 Convergence issues
Convergence issues caused by the contact formulation between the rock and the dam and due
to cracking of the arch dam were one of the main difficulties that several participants
encountered.

This may be treated differently depending on the used software, and it is important to know
how the software behaves when convergence issues occur. All software’s have a limit in the
number of iterations that will be performed for a specific increment. In some software’s the
analysis proceed when the maximum number of iterations is reached, even though the
convergence criteria’s are not satisfied. This can of course be convenient if it is deemed that
this do not affect the results. However, in these cases it is important that the FE analyst
studies the convergence warnings and the areas where these were issued to verify that this has
no direct influence on the results.

Other software’s may be stricter and does not allow an analysis to continue if the tolerances
are not satisfied. There are many methods that could be used to improve the convergence rate
of an analysis. Often these problems are caused by poor mesh and could be resolved by
refining the mesh in the problematic area. Other solutions that were used by the participants
were

· Quasi-static analyses -  (implicit  or  explicit  solver)  which  means  using  a  dynamic
solver to perform the analysis. In this case, it has to be ensured that the kinetic energy
in the model does not significantly influence the result

· Higher fracture energy – by using higher fracture energy it is easier to obtain
converging solutions due to lower energy release rate from the cracked elements.

· Damping effects – there are several ways to include damping, where the principle is to
attenuate some of the energy released during cracking. This can be done by using a
strain-rate dependence, viscosity or material or numerical damping.

· Hour glass control – one common source for convergence issues originates from
deformations  of  low  order  elements  with  reduced  integration.  In  these  cases,  if  the
deformation of the element coincides with hour glass modes; zero stress/strain in these
elements occurs.

· Updated geometry – it normally helps by updating the geometry or redefine the mesh
in problematic areas. In this case, this could have been to update the geometry of the
contact zone as described in Section 3.3.2.
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A discussion of different methods to overcome convergence issues can for instance be found
in [3].

3.4 Time needed to solve the task
All participants were asked to present the time they used to solve theme A. The time spent
devoted to solving theme A, may of course vary based on experience in the specific software
and from similar type of analyses. For instance, some participants took this as an opportunity
to learn new software, learn about non-linear finite element analyses of concrete etc. Another
reason for discrepancies is due to different ambition level, etc. Finally, some participants may
not have documented all time devoted on the task and instead estimated it at the end, and
some may have included time needed to write the paper and to prepare the presentation while
others only included the time needed to develop the model and to run the analyses.

Unfortunately, not all participants submitted input regarding the time needed, and as can be
seen in Figure 3-9, ten teams submitted this information. Please note that the number on the x-
axis does not correspond to the numbering of participants in Table 7. The time used varied
between  5  and  75  days,  where  the  median  for  these  participants  was  15  days,  and  a  high
standard deviation corresponding to 29 days.  The three participants with more time spent (>
20 days) were all from the universities and typically part of MSc project or similar.

Figure 3-9: Estimated time (in days) devoted to work with theme A.
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4 PART 4 – Evaluation of the results from the contributions

All participants included in this synthesis, submitted their contributions prior to the
benchmark workshop. During the benchmark workshop, the formulator presented results from
the  dam that  was  used  in  theme A.  The  results  that  were  presented  were  illustrations  of  the
crack pattern and measured displacement along the crest for summer and winter respectively.
After this, all participants had the opportunity to update their paper and results after the
benchmark workshop. Only three participants updated their solutions after the benchmark.

Therefore, the results will here be presented both based on blind predictions, i.e. results
submitted before the benchmark workshop and the final results. The final results are either the
updated results submitted by the participants or the same as the blind prediction for the
participants that did not update their analyses.

4.1 Thermal results
Considering that almost all contributions were made as transient with convective heat transfer
between ambient air and the concrete, no direct differences in results could be detected
between most of the contributions. In Figure 4-1 an example of three of the transient analyses
with convective heat transfer boundary conditions are shown. As it can be seen in the figure,
the results are more or less identical.

a) b) c)
Figure 4-1: Illustration of differences in results between the analyses with transient conditions

and convective heat boundaries.

It was only possible to detect differences between the results that were performed as steady
state with dirchlet boundary conditions (i.e. prescribed nodal temperatures) compared to the
transient analyses with robin boundary conditions (i.e. convective heat transfer boundary
conditions).  In  Figure  4-2,  the  difference  between  two  contributors  is  shown.  It  should  be
noted however, that in the steady state analysis the reference temperature has been included in
the temperature curves, i.e. the results from the transient analyses should be increased with
+4 °C in order to compare it with the other results.

As it can be seen in Figure 4-2, the temperature from water has larger influence on the
internal temperatures in the dam for the case with transient analyses with robin boundary
conditions. This is because of the high convective heat transfer coefficient (500 between
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water and concrete compared to 4 between air and concrete) and that the steady state analyses
assumes the thermal conditions after infinite time, i.e. the cold air temperature from the air
has possibility to propagate into the concrete. By looking at temperature variation in the
thickness variation, the steady state analysis gives a linear thermal gradient which is not the
case with the transient analysis.  This was for instance shown by Enzell  and Tollsten (2017),
[4], which is also shown in Figure 4-3. In this case, robin boundary conditions were used for
both analyses.

One other difference that could be seen in the two analyses in Figure 4-2 is near the crest of
the dam. The reason why these thermal results differ is believed that the steady state analysis
in Figure 4-2 b) has not applied a thermal boundary condition (BC) on the top of the dam
(thereby adiabatic conditions are assumed by the software).

a) b)
Figure 4-2: Differences between transient with robin BCs and steady state with dirchlet BCs

analyses.

Figure 4-3: Difference between steady state and transient thermal analysis.
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4.2 Static displacement of the arch dam
As  a  first  comparison  of  the  structural  behaviour,  the  static  displacement  is  plotted  for  the
linear elastic dam, i.e. linear elastic finite element analyses (LFEA). This comparison shows
differences  in  the  initial  stiffness  of  the  dam,  and  may vary  due  to  boundary  conditions  and
how the interaction between the dam and foundation has been considered. After this, the
behaviour due to static loads is also presented for the case with non-linear material models,
i.e. non-linear finite element analyses (NLFEA).

In Figure 4-4, the calculated displacements along the crest according to all 16 contributions
are presented for static analyses including gravity load and hydrostatic pressure. In the figure,
the displacement presented in the x-direction, and the crest length is defined equal to zero at
the spillway with its maximum value 160.4 m at the abutment. As it can be seen in the figure,
almost  all  contributions  show  a  smooth  displacement  curve  with  an  unsymmetrical  shape
where the maximum value occurs between 50 to 60 m from the spillway.

The shape of the displacement along the crest differs for two of the participants. One
contribution (no 2) gives almost the same result as most other contributions from 0 to 100 m
from the spillway but after this, the displacement reduces faster than the others where a
displacement  of  about  +5  mm  in  the  upstream  direction  is  obtained  about  140  m  from  the
spillway.  In  this  case,  this  model  has  defined  that  the  downstream  edge  of  the  dam  is
constrained to the foundation, as shown previously in Figure 3-5, and the discrepancy could
originate from this contact foundation. No other possible reason for this discrepancy could be
found. One other contribution (no 14) gives an unsymmetrical shape similar to a third bending
mode of an arch with two local maxima. In this model the dam is fully constrained to the rock
foundation, but this approach has also been used by several others that have a different shape.
The reason why this shape deviates from the others has not been found.

Figure 4-4: Horisontal displacement along the crest of the dam from all participants based on
linear elastic material.
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If the two results that deviate in shape are excluded from the graph, the results instead look as
shown in Figure 4-5. Here it can be seen that the different contributions can be divided into
two groups. In the first group (Group 1) the maximum displacement varies between 16 and 18
mm and in the second group (Group 2) it varies between 25 and 31 mm. The reason for this
discrepancy between the two groups is that Group 2 has modelled the interaction between
concrete and rock with a nonlinear contact formulation while the other group has fixed
constraint. In group 1, there is a very small difference between the contributions and this
minor difference is believed to originate in that the volume of the rock mass and its boundary
conditions in addition to the mesh (element size and type of elements) differs between these
analyses.  The  reason  why  the  discrepancies  within  Group  2  is  larger  (ΔuGr2 =  6  mm)
compared to Group 2 (ΔuGr1 = 2 mm) is due to the different approaches to model the contact
formulation and likely also tolerances of the FE analyses (considering that this is a nonlinear
analysis) in addition to the sources mentioned earlier.

Figure 4-5: Horisontal displacement along the crest of the dam based on linear analyses.

The same can also be seen when plotting the displacement along the centreline of the dam, as
shown in Figure 4-6. In this figure, it is seen that the analyses that assumes a fixed constraint
between concrete and rock are giving more or less identical results (ΔuGr1 = 2 mm at the crest)
and the results for group 2 with non-linear contact formulation, larger differences can be seen,
as mentioned before. Almost all participants have the same shape of the deflection curve with
exception to the contribution (no 14) that obtained an unsymmetrical displacement shape
along the crest.

In this graph, the base displacement has been removed from all participants, i.e. the
displacement  at  elevation  z  =  0  is  assumed  to  be  zero.  The  reason  for  this  is  to  make  the
comparison easier and to remove differences from how the participants modelled the rock and
its boundary conditions as well as the fact that some may have submitted relative
displacements instead of total displacements.
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Figure 4-6: Horisontal displacement along the elevation of the dam center section for all
participants based on linear analyses.

In Figure 4-7, the base correction made for all participants is shown. In this comparison it is
easy to see the influence of modelling approach for the rock. As it can be seen in the figure,
most participants have base displacement between 0.2 and 0.4 mm. Two contributions (no 3
and 6) however, obtained displacements around 3 mm at the base in the centre section of the
dam. This is believed to be caused by that the boundary conditions are imposed on the base of
the rock, in contrast to other participants that restrained displacements in the direction
perpendicular to each side of the rock mass. These displacements only impose rigid body
motion of the dam, and have no influence on the relative displacement of the dam which was
seen previously in Figure 4-6.

Figure 4-7: Base correction, i.e. displacement at the base in the center section of the dam.

In conclusion, the static analyses with linear material model for concrete showed that most
contributions received the more or less the same results and the main difference between the
results is due to the how the interaction between concrete and rock is modelled. In this case
with linear material properties, the difference from defining non-linear contact formulation to
fixed constraint results in about 10 mm in difference in maximum crest displacement.
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One other significant influence from how this interaction is modelled is that it results in large
differences in the tensile stresses in the upstream surface of the dam. With a fixed constraint
high stresses that would result in cracking occurs as illustrated in Figure 4-8 where the
elements in red colour shows where the tensile strength is exceeded.

Figure 4-8: Example of high tensile stresses at the upstream toe in cases with fixed constraint
between concrete and rock, from participant no 15.

All participants were also asked to present the results from the static analysis with non-linear
material models. The results from all participants are shown in Figure 4-9.

In these analyses, most of the participants that assumed fixed contact between the rock and
foundation also considered nonlinear contact formulation between concrete and rock.
However, in this case if a fixed constrain was assumed between concrete and rock the non-
linear material model caused cracking at the upstream face and thereby the dam acted in
similar way as an analysis with contact formulation. Therefore, in a non-linear analysis it is
not as important (as in the linear analysis) to include nonlinear contact formulation at the
interface since this will be considered as material failure otherwise. However, from a practical
point of view it is much likely easier to obtain convergence if the interface is modelled with a
contact formulation instead of all elements near the interface has to simulate crack
propagation. Several of the participants have also defined a fracture model for the interface
with a tensile strength and stiffness, which corresponds to a discrete crack approach and
should be more or less equivalent to a smeared approach.

Some participants obtained cracking on the downstream side of the dam already from
combined loads of gravity and hydrostatic pressure. This resulted in reduced stiffness of the
dam and thereby increased displacements. This is likely the main reason for the scatter in
results  among  the  contributions.  One  of  the  participants,  no  9,  has  different  shape  of  the
displacements from their static linear analysis (with fixed constraint) compared to their
analysis with contact formulation. In the nonlinear analysis, the displacement curve looks
similar to a fourth order polynomial function. The main difference between these analyses is
the interaction between concrete and rock and it is likely that the contact formulation in this
case had difficulties finding contact pairs and due to this, possible slip between concrete and
rock occurred.
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Figure 4-9: Horisontal displacement along the crest based on linear analyses.

The three analyses (no. 2, 9 and 14) that showed different shape of the displacement curve
have been excluded in Figure 4-10. As it can be seen the results from no. 8 are much higher in
the non-linear analysis compared to the linear analysis. In this case, this is a result of the
participant used lower elastic modulus in the non-linear analysis to account for effect of
thermal relaxation. A lower elastic modulus will of course also influence the static
displacements. From the results, it can also be seen that the majority of the results (from no. 3,
4,  5,  6,  7,  8,  11,  13,  14,  16)  are  within  the  same  interval  as  the  analyses  with  contact
formulation based on linear material models (i.e. between 25 – 30 mm). The analyses that
gives lower displacement than this, were either defined with a fixed constraint between
concrete and rock or a contact formulation with tensile strength and stiffness. This leads to
slightly lower joint opening (and thereby crest displacement) than analyses where zero
stiffness for crack opening were assumed. As seen in Figure 4-10, there is a small bump in the
result  from participant  no.  10  at  approximately  80  –  90  m.  This  is  believed  to  be  due  to  an
error in reported displacement, i.e. human error, rather than an effect that occurs in the model,
since this bump cannot be seen in any of the other results that the participant presented.
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Figure 4-10: Horisontal displacement along the crest of the dam based on non-linear analyses.

4.3 Seasonal temperature simulations
The calculated variations in thermal distributions over the years were cycled for a few years
by many of the participants. The general conclusion was that only small differences were
obtained if more than two years were cycled. This is a result of that the dam is relatively thin
and in thicker structures this may not be the case.

In addition, the conclusions from the participants were that only small differences could be
detected if the analyses started with a warm or cold year.

In this section, the results obtained from all participants are presented. The results are
presented for both linear and non-linear analyses.

4.3.1 Winter conditions
During the winter conditions, the dam is subjected to cold temperatures on the downstream
side which results in a downstream movement.

In  Figure  4-11,  the  obtained  results  from  the  linear  analyses  are  shown  along  with  the
measurements of the dam for the case with winter conditions. It is important to remember that
the analyses were based on largest and lowest weekly average temperatures for each month
over a 50-year to predict the cracking that had occurred. The measurements, on the other
hand, represents two specific years for summer and winter respectively. Thereby, the
numerical analyses should give slightly larger displacements than the measured. However, the
differences in temperatures from the selected years and the given data to the participants are
only differs a few degrees so the difference should not be too large. Finally, the measured
values  show  the  shape  of  the  displacement  along  the  crest  and  are  thereby  also  good  for
comparisons to see if the participants obtained the same behaviour.

The difference in maximum temperature value can for instance be seen by comparing the
results from participants no. 8, who used actual temperatures where used for a five-year
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period instead of the provided extreme temperatures. Their maximum displacement of the
crest is about 42 mm while the mean of all participants is 52 mm. Thereby, the difference in
maximum crest displacement between using the coldest weekly average temperatures during a
50-year period and using actual temperatures to predict the displacement during winter should
thereby be about 10 mm or less.

It can also be seen that the maximum crest displacement according to participants no. 8 is
very close to the maximum measured displacement for the most recent years (winter 2011,
give a maximum crest displacement of 42 mm). The maximum displacement is predicted to
occur about 60 m from the spillway which corresponds well  with the measured results.  One
more observation is that all contributors over-estimate the displacement (compared to the
measurements) from about 100 m to 164 m, i.e. about one third of the crest length nearest the
abutment. One reason for this could be that the restraint from the abutment is higher in the
models than in reality.

Figure 4-11: Horisontal displacement along the crest during winter conditions (January) based
on linear analyses.

As it was shown in Figure 4-5, the results could be clearly divided into two groups depending
on how the participants modelled the contact between dam and foundation. However, in
Figure  4-11,  it  is  more  difficult  to  make  this  distinction.  It  can  however,  be  seen  that  the
participants that included non-linear contact formulation still gives larger displacements than
the others that assumed a fixed contact and vice versa.

All participants predicted high tensile stresses that would result in cracking on the
downstream side of the dam. According to most of the participants, almost the entire
downstream surface was subjected to tensile stresses that exceeded the tensile strength of
concrete. A few examples of the extent of cracking on the downstream side are illustrated in
Figure 4-12. In the figures, the area that exceeds the tensile strength is shown with red or grey
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colour (bottom left figure). In addition to this, the participants that modelled complete bond
between the dam and the rock also predicted cracking on the upstream side of the arch dam in
the region closest to the rock foundation as mentioned previously.

Figure 4-12: Predicted extent of cracking during winter conditions according to a few
representative participants.

The corresponding displacement from the non-linear analyses is presented in Figure 4-13.
Similar to the non-linear static analyses, it can be seen that three contributions give different
shape of deflection curves compared to the others. Two of these, participants no. 2 and no. 9
did not show this shapes in their linear analyses. It is therefore likely that this has originated
from the contact formulation between concrete and rock.

Figure 4-13: Total displacement during (winter) according to all participants based on non-
linear analyses.

In order to make further comparisons, the results from the three participants that deviated in
deflection shape were excluded from Figure 4-14. Furthermore, considering that all
participants present the absolute displacement, the displacements of the rock mass is included
in these results. Therefore, all results have been adjusted by the calculated value of the
displacement at the base of the centre section of the dam.
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The calculated displacements shown in Figure 4-14 all rather good agreement with the
measured behaviour. In contrast to the linear analyses, it can be seen that the displacements
along the crest are showing the same shape as the measured. Thereby, the overestimation of
the stiffness in between 100 – 165 m is no longer present. This most likely is caused by the
reduced stiffness from cracking that occurred near this abutment. Almost all participants also
predict with good agreement the position of the maximum deflection, i.e. approximately at 60
m from the spillway.

Figure 4-14: Crest displacement (relative displacement between the rock and the dam) during
winter based on non-linear analyses, with three outliers excluded.

Finally, by only showing the four contributions that had best agreement, their predictions
were very close to the measured results as seen in Figure 4-15. These four contributions all
used different numerical software’s and different material models to predict the cracking of
the  dam.  Thereby  based  on  this,  it  is  not  possible  to  say  that  one  type  of  material  model  is
better than another. Instead, most of the common non-linear material models should be able to
use to accurately predict the displacement of the arch dam. Interesting to notice is that for
these non-linear analyses, there is no direct difference in crest displacement for the analyses
based on the weekly average temperature values based on 50-years and the analyses based on
actual measured temperatures during a 5-year period. This is logical considering that the
temperature imposes restraint forces in the arch dam, however, due to cracking the restrain is
reduced and the contribution with lower temperatures estimated slightly lower extent of
cracking and thereby the differences in calculated displacement of the dam is smaller.
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Figure 4-15: Crest displacement (relative displacement between the rock and the dam) during
winter based on non-linear analyses for the simulations in closest agreement with the
measurements.
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e)

Figure 4-16: Comparisons of crack pattern for the four contributions in closest agreement
with the measured crest displacement. a) observed cracks, b) participant no. 4, b) participant
no. 5, c) participant no 8, participant no. 12.

The calculated displacements over the height from all numerical analyses were compared to
the measured results, as shown in Figure 4-17, The scatter in results is much larger between
the models compared to the scatter in crest displacement. As it can be seen in results, most of
the participants predict a significant change in inclination of the deflection curve at an
elevation  between 15  m to  25  m.  Four  of  the  numerical  models  show different  shape  of  the
displacement curve, no. 1, 10, 14 and 15. The reason for this is that these models predicted
limited cracking on the downstream side. The four models giving the largest displacements,
no.  2,  3,  6  and  11  used  lower  fracture  energy  compared  to  many  of  the  other  participants.
Thereby, with lower fracture energy, the cracks develop quicker and results in larger
utilization in the reinforcement. It is likely to assume that some of these analyses may have
resulted in yielding of the reinforcement.

Figure 4-17: Displacement along the center section for winter conditions based on non-linear
analyses.
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For easier comparison, the four lowest and the four highest have been removed, and the
results is shown Figure 4-18. From this figure, it can be seen that the participants have
obtained similar results as those obtained from the measurements.

Figure 4-18: Displacement along the center section for winter conditions based on non-linear
analyses, without outliers.

4.3.2 Summer conditions
During the summer conditions, the water is relatively cold compared to the ambient air which
results in displacement in the upstream direction of the arch dam.

In Figure 4-19, the calculated displacements during summer conditions based on linear elastic
analyses are presented. As seen in the figure, the scatter between the contributions is greater
for the summer conditions compared to the winter conditions. The main reason for this is that
the interaction between the concrete dam and the rock is very important for capturing the real
behaviour. The participants that defined a fixed constraint, i.e. no relative displacements,
between the concrete and the rock obtain a displacement that is almost constant, between 0
and -5 mm.
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Figure 4-19: Displacement along the center section for summer conditions based on linear
analyses.

Figure 4-20: Displacement along the center section for summer conditions based on non-
linear analyses.
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In Figure 4-21, the corresponding result is shown for the non-linear analysis but where the
solutions that deviate in shape are excluded (no. 10 and 14).

Figure 4-21: Displacement along the center section for summer conditions based on non-
linear analyses, without outliers.

The calculated displacements over the height are shown Figure 4-22, along with the measured
results. As it can be seen in the figure, the scatter in results is quite significant. However, the
results can be divided into three categories

· Group 1: Downstream movement, with a maximum displacement of > 15 mm at mid-
height (no. 2, 3, 4, 5, 8, 12)

· Group 2: Downstream movement, with a maximum displacement of ≈ 5 mm at mid-
height (no. 1, 7, 9, 11, 13)

· Group 3: Upstream movement, with a maximum displacement of < 10 mm at the crest
(no. 6, 16)

· Group 4: Upstream movement, with a maximum displacement of > 15 mm at the crest
(no. 10, 15)

As it can be seen in results, most of the participants predicted a significant change in
inclination  of  the  deflection  curve  at  an  elevation  between  15  m  to  25  m.  Four  of  the
numerical models showed different shape of the displacement curve, no. 1, 10, 14 and 15. The
reason for this is that these models predicted limited cracking on the downstream side. The
four models giving the largest displacements, no. 2, 3, 6 and 11 all used lower fracture energy
compared to many of the other participants. As mentioned previously, lower fracture energy
leads to faster crack propagation and larger utilization in the reinforcement. It is likely to
assume that some of these analyses may have resulted in yielding of the reinforcement.
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Figure 4-22: Displacement along the center section for winter conditions based on non-linear
analyses.

5 Summary and discussion
In this theme, participants were asked to provide predictions of cracking and displacements of
a typical Swedish arch dam subjected to seasonal temperature variations. The formulators
provided information with geometry, mesh, all loads to consider etc.

Intentionally, some important information was not given to the participants. The reason for
this is that these parameters are often unknown in projects and where the FE analysist has to
make assumptions. The input data in question that had been intentionally left out were

· Fracture energy and unloading curve for the concrete & type of non-linear material
model for concrete

· How to perform the thermal analysis
· How to model the contact between the concrete and the foundation
· How to include the rock mass and assign boundary conditions

This task was challenging where significant nonlinearities occurred in the analyses both
regarding cracking of the concrete but also due to significant joint opening at the base of the
dam.

In Figure 5-1 and Figure 5-2 the mean value of all participants’ results for the nonlinear
analyses is shown compared to the measured displacements. In addition, two additional
curves are shown to highlight the distribution of the participants results. Here it has been
chosen to show the results from the case within half a standard deviation from the mean, i.e. μ
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± 0.5σ. This corresponds to an area where about 40 % of the results from all participants are
within. The reason why a relatively thin confidence interval has been chosen is to attenuate
the effect from outliers that predicted deviations in the shape of the deflections. As it can be
seen in the results, most of the participants obtained good results compared to the measured
results.

Figure 5-1: Comparison between measured results and the mean values from all contributions.
In addition the curves for the mean value plus/minus 0.5 of a standard deviation are shown.

Figure 5-2: Comparison between measured results and the mean values from all contributions.
In addition the curves for the mean value plus/minus 0.5 of a standard deviation are shown.
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Fortunately, 16 teams contributed to the theme which gives very good base for the evaluation
of the contributions. The main differences between the participants have been presented in
PART 3.  In the following sections, these variations in results will be discussed.

5.1 Thermal analyses
It was shown previously that using convective heat transfer boundary conditions (i.e. robin
conditions) along with a transient analysis was important to capture the variations in
temperature  for  this  type  of  dam.  As  it  could  be  seen  in  PART  4  (Section  4.1),  no  direct
differences in thermal results could be detected between the participants that used robin
conditions and thermal analyses.

In the paper from Mouy et al.(2017) it was also shown that it is not only important that the
thermal results are calculated with sufficiently small time step, but also that the full
temperature variation is imported into the mechanical analyses. For instance, if the thermal
analysis  is  performed as  transient  with  sufficient  time step  but  only  the  summer  and  winter
conditions are imported into the mechanical analysis, the mechanical analysis will be based
on a linear decrease in temperature from summer to winter which may result in different
cracking compared to the actual temperature variation during the autumn.

In addition, all of the participants that presented different combinations of combining the two
curves for warm and cold year respectively showed that no direct differences occurred in the
results.

5.2 Influence from the rock foundation
The modelling of the contact between the rock and concrete has significant influence on the
results. This is especially important when performing analyses with linear material models
because the joint opening at the base will have significant influence on the stress and
deformation state. In analyses with non-linear material models for the concrete, it is not as
important. The reason for this is that in the non-linear analysis high stresses will occur in this
region that causes cracking in the concrete elements closest to the foundation. However, from
a practical point of view it is much likely easier to obtain convergence if the interface is
modelled with a contact formulation instead of all elements near the interface has to simulate
crack propagation.

The modelling of the contact formulation was one of the major difficulties in this theme, since
this lead to convergence difficulties but also that this is believed to be the reason why some
participants obtained deformation curves that deviated. If the numerical software could not
find contact between all the nodes in these two surfaces, then parts of the dam may had no
interaction with the foundation.

Influence of the size of the rock has also been studied by comparing the results from the
participants. The formulators had developed different models for the rock which allowed that
the participants could use different size on the host rock. This had no impact on the results
except from some rigid body motion of the dam that could occur in the rock as seen in Figure
4-7.
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Figure 5-3: Illustration of difference in volume of the rock in the meshed model and in the
geometry model.

5.3 Non-linear material modelling
As discussed previously in PART 3 (Section 3.3.3) there is a big variation in the fracture
energy between the participants. For this type of concrete, the fracture energy is expected to
be typically between 200 and 300 Nm/m2 according to Section 3.3.3.

As expected, using a lower fracture energy results in a more brittle behaviour where the
cracks develop faster resulting in a few individual cracks with large crack widths. Based on
this, there will be some difference in the crest displacement but this difference is however
rather small. As seen in Figure 5-4, the difference in displacement is rather limited between
two similar contributions where the size of the chosen fracture energy differs. In this case, one
contribution has a lower fracture energy of 170 Nm/m2 while the other had fracture energy
corresponding 280 Nm/m2. Similar results can also be seen in some of the appended papers
where the influence from fracture energy is presented. The reason for this small difference is
of course that the reinforcement transmits forces over the cracks and can basically be
considered as additional fracture energy.
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Figure 5-4: Example of difference between two similar models where only the fracture energy
deviates.

A few of the participants used a brittle definition of the material behaviour, i.e. corresponding
to very low fracture energy. In Figure 5-5, the results from two analyses with brittle material
behaviour are shown along with the model with 170 Nm/m2 shown above. As it can be seen
these brittle analyses does not deviate too much from the analysis with lower fracture energy.
However, surprisingly, one of the brittle analyses gives lower displacement than the analysis
with 170 Nm/m2 in fracture energy. The reason for this may be due to some regularization
technique has been used in the brittle analysis, and thereby artificial energy has been
introduced in the numerical analysis.

Figure 5-5: Example of difference between two similar models using a brittle definition,
compared to measurements and a simulation with Gf 170 Nm/m2.
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As shown before, the expected difference in crest displacement in this case is expected to be
rather limited depending on the choice of the fracture energy due to the reinforcement.
However, one important difference will be the possibility to visualize more or less individual
cracks. One of the participants performed analysis with rather high fracture energy
corresponding to 500 Nm/m2 and one analysis with 200 Nm/m2.  As it  can be seen in Figure
5-5, analyses with high fracture energy do not make it possible to track individual cracks.
Instead a large area is subjected to cracking

Figure 5-6: Illustration of calculated extent of cracking, with fracture energy 200 Nm/m2 (top)
and 500 Nm/m2 (bottom).

Unfortunately,  based  on  the  results  from  the  participants  it  was  not  possible  to  draw
conclusions regarding influence of the unloading curve or the choice of material model. It is
however known that using linear unloading instead of bi-linear or exponential results in a
stiffer behaviour, see [3]. However, considering that the load is caused by thermal
expansion/contraction due to restraint it could be concluded that using a linear unloading
curve would results in higher stresses in the dam.

5.4 Convergence issues
As mentioned previously, convergence issues caused by the contact formulation between the
rock and the dam and due to cracking of the arch dam were one of the main difficulties that
several participants encountered. Another important source for convergence difficulty was
related to simulate crack propagation in concrete. As mentioned in PART 3 (Section 3.3.4),
several methods were used by the participants to overcome these difficulties.

Based on the information provided, it was unfortunately not possible to detect how these
methods may have influenced the results. However, in the case shown in Figure 5-5, it was
shown that there was a large difference between two simulations with brittle material
definition. This difference between the participants may likely be caused by methods used to
overcome convergence difficulties.
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6 Conclusions
Concrete dams in the nordic countries can be subjected to significant seasonal variations in
temprature. In Sweden, many dams may be subjected to variations in temperature between
summer  and  winter  of  about  60  -  70  °C.  Many  of  the  concrete  dams  in  Sweden  have  as  a
result  of  this  been  subjected  to  cracking.  Therefore,  theme  A  was  developed  to  study  the
possibility to perform numerical analyses to predict the extent of cracking and the behaviour
of an concrete arch dam.

In  total,  16  teams  participated  and  submitted  solutions  to  the  theme.  It  can  be  seen  that  all
participants predict cracking on large areas of the downstream surface. The calculated crack
pattern obtained from the numerical analyses are in close in agreement with the crack pattern
observed on the real dam.

Overall, the calculated shape of the displacement of the dam corresponds quite well from
most of the participants with the measured displacements. It is important to remember that the
temperatures provided to the participants are more extreme than the corresponding
temperatures when the measured results have been extracted. Therefore it is expected that the
calculated displacements to some extent should exceed the measured.

Based on this theme, it has been possible to see the influence of different assumptions
regarding modelling the crack propagation, contact formulation between the rock and the dam
and approaches to simulate the temperature variation. Some of the important findings from
this benchmark were;

· numerical models can be successively used to predict cracking and estimate the
displacements of the studied dam.

· it is important to perform transient temperature analyses with robin boundary
conditions for these applications to obtain a suitable temperature distribution

· the interaction between concrete and rock has large influence of the predicted
displacements, especially for analyses based on linear material properties

· the size of the fracture energy of concrete had small influence of the displacement of
the reinforced concrete dam but larger influence on the possibility to predict individual
cracks
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ABSTRACT: A reinforced concrete arch dam subjected to seasonally varying temperature have been 
analyzed. A transient thermal analysis based on temperature data from the dam site was performed and 
the resulting temperature distribution was used in the mechanical analyses. Both linear and nonlinear 
mechanical analyses were performed on the arch dam subjected to gravity load, hydrostatic pressure 

and thermal loads. The thermal expansion caused the dam to deflect upstream during the summer and 
downstream during the winter. Cracks were initiated under the gravity load and hydrostatic pressure. 
The cracks propagated during the winter and developed a significant crack pattern. The crack pattern 

was dominated by a region of horizontal cracks along the downstream face of the arch. Cracks 
propagated from the foundation into the large horizontal region. The horizontal cracks formed a plastic 

hinge which affected the deflected shape of the dam.  

1 Introduction  
Annual temperature cycles have been shown to cause cracking in large concrete dams [1, 2]. 
In this project, the behavior of a reinforced concrete arch dam located in northern Sweden 
subjected to ambient temperature variations is studied. The arch has a crest length of 170 m, a 
radius of 110 m and is 39 m high.  
 
This report is a contribution to the 14th international ICOLD benchmark workshop, Theme A: 
Cracking of a concrete arch dam due to seasonal temperature variations. A description of the 
theme, the geometrical model and the material properties can be found at [3]. The results 
presented in this report is a part of a MSc degree project by authors of this project [4]. The 
degree project presents and discusses some topics deeper and will be referred to in this text.  

2 Method 
Using thermal and mechanical FE-analyses, the displacements and crack pattern of the arch 
dam will be predicted during serviceability temperature variations. The software 
BRIGADE/Plus Version 6.1-11 has been used to perform the FE-analyses.  

2.1 Geometry  
The geometry of the arch dam was created by the authors of this report and can be found in 
[3]. The geometry was divided into six solids; it is presented in Figure 1. During the 
mechanical analyses, the size of the rock was reduced to a smaller rectangle, extending 12 m 
upstream, 24 m downstream and 24 m to the side.  
 
The reinforcement was modeled using membranes. The surfaces of the upstream and 
downstream faces of the arch was offset 113 mm into the dam, which results in a concrete 
cover of 100 mm. The reinforcement bars were defined in the membrane, using a built-in 
function “rebar layers” in BRIGADE/Plus. The material orientation was defined using a 

cylindrical coordinate system in the central axis of the arch.  
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(a) (b) 

Figure 1. Geometry (a) and the stream direction (b) 

2.2 Mesh 
The mesh was created in BRIGADE/Plus. In the thermal analysis, linear, tetrahedral elements 
was used for the abutment, spillway and rock. Linear, hexahedral elements was used for the 
arch and foundation. The reinforcement was not introduced in the thermal analysis. The mesh 
properties are given in Table 1 and the meshes are depicted in Figure 2.  
 
In the mechanical analyses, linear, tetrahedral elements was used for the concrete and rock. 
Linear, triangular membrane-elements was used for the reinforcement. The elements along the 
interface between the arch and the foundation was fitted exactly to each other to ensure better 
contact for the irregular surface.  

Table 1. Mesh  

 
Thermal analysis Mechanical analyses 

Part Element  Seed Nodes Elements Mesh Seed Nodes Elements 
Arch DC3D8 2 9360 7108 C3D4 1.3 11226 44171 
Foundation DC3D8 2 5810 4248 C3D4 1.3 7513 29347 
Spillway DC3D4 2.6 1506 5962 C3D4 2.6 2002 8062 
Abutment DC3D4 2 351 1252 C3D4 2 351 1252 
Small rock DC3D4 4 3105 11252 C3D4 4 3105 11252 
Large rock DC3D4 5 10278 43766 C3D4 11 928 2964 
Reinforcement 

    
M3D5R 1.5 15471 5919 

Sum   30410 73588   40596 102967 
 

 
(a) (b) 

Figure 2. Mesh for the thermal (a) and the mechanical (b) analyses 
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2.3 Thermal analysis  

Temperature history  
A temperature history was created from the temperature envelopes provided in  [3]. The 
temperature history was created with a cold year, starting in September followed by a warm 
year ending in October (Figure 3). The temperature was interpolated over a transition time of 
three months to achieve a smooth transition between the two envelopes. The cold year was 
introduced first, since most of the cracking occurs during this period and to capture a 
representative displacement during the summer, the cracks must be fully developed. The 
reversed temperature history, which started with a warm year and ended with a cold year was 
examined in [4]. This resulted in a crack pattern which was very similar. 

 
Figure 3. Temperature history consisting of a cold year followed by a warm year [3] 

Solution method 
The suggested thermal material properties provided by [3] was used in the analysis. Transient 
analysis was performed over the period of 26 months. Each month was divided in three 
increments (10 days/increment). All parts of the model were given the initial temperature of 
4 °C, which corresponds with the provided stress-free temperature. The air and water 
temperature was applied using “surface film condition” i.e. Robin boundary conditions on the 
exposed surfaces. Heat transfer coefficients were provided by [3]. The interaction between the 
rock and concrete was not given heat transfer coefficients. The bottom surface of the rock was 
given the constant temperature 4 °C. The vertical sides of the model were defined as adiabatic 
boundary conditions.  

2.4 Mechanical analyses 

Material model 
In the linear analysis, the material properties provided by [3] was used. The concrete class 
was C30/37 and the reinforcement quality was KS40. The reinforcement was not included in 
the linear analysis, since it has no effect on un-cracked concrete.  
 
The nonlinear concrete was modeled using the “concrete damaged plasticity” material model 
in BRIGADE/Plus. Concrete damaged plasticity is based on damage-coupled plasticity theory 
[5]. The compressive stress-strain curve was defined according to Section 3.1.5 in Eurocode 2 
(linear to 40 % of 𝑓𝑐𝑚 ) [6]. No compressive damage parameter was given, any potential 
compressive damage will therefore only be represented by plasticity theory. An exponential 
crack opening curve was used according to [7] (Figure 4). A fracture energy of  𝐺𝑓 =

281.0 𝑁𝑚/𝑚2 was used, which corresponds with a stress-free crack displacement of 0.5 mm 
[7]. The damage parameter was defined linearly and varied according to Figure 4. The 
maximum damage parameter was set to 0.8. The crack opening curve and tensile damage 
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parameter was defined using displacements, not strain. A parameter study of the fracture 
energy was performed in [4] and concluded that  𝐺𝑓 = 280 𝑁𝑚/𝑚2 was a reasonable value.  
 

 
(a) (b) 

Figure 4. Exponential crack opening curve (a) and damage parameter (b) 

The crack width was calculated in the output-file in ABAQUS/Plus according to [8] as  
 

𝑤 = 𝜀𝑐𝑟𝐿𝑡
′       (1) 

where 
𝜀𝑐𝑟 = 𝜀𝑡 − 𝜀𝑐𝑡 is the strain in the crack 
𝐿𝑡

′  is the length of the crack band width with skewed mesh 
 
The max principal strain was used for 𝜀𝑡 and half of the characteristic element length was 
used for 𝐿𝑡

′ . Half of the characteristic element length represents the average distance between 
the integration points in the hexahedral mesh with one integration point per element.  
 
To save calculation time, the concrete in the abutment and spillway was assumed to be linear 
elastic in the nonlinear analysis. The rock surrounding the dam was assigned linear elastic 
properties and assumed to be homogenous according to the instructions. A bilinear material 
model was used to describe the plasticity in the reinforcement according to Section 3.2.7 in 
Eurocode 2 [6].  

Contact properties 
The rock and the foundation was connected to each other with a “tie constraint”, which allows 
for no relative motion of the slave nodes relative to the master surface. The same connection 
was used to connect the arch to the abutment and spillway. The reinforcement was connected 
to the concrete in the arch as “embedded region” i.e. constrained to the closest node in the 
concrete.  
 
The base of the dam is excavated into the rock. The excavation is round to allow some 
rotation but no downstream displacement. However, the geometrical model was simplified 
with flat surfaces. To represent the hinging behavior, a surface interaction was used. The 
tangential behavior was described using Coulomb friction with a high friction coefficient 
(𝜇 = 40) to prevent the dam from sliding. The normal contact pressure was described using 
“soft contact”. In soft contact, the normal contact pressure depends on the 
clearance/overclosure between connected surfaces and allows the surfaces to interact after 
separation [5]. An exponential expression was used to describe the contact pressure according 
to Figure 5. An initial contact of 𝑐0 =  2 𝑚𝑚 and a pressure at zero clearance of 
𝑝0 =  0.6 𝑀𝑃𝑎 was used. To prevent the contact pressure from lifting the dam and create 
stress peaks, the contact pressure was ramped up during Step 1. A more detailed explanation 
of the surface interaction is presented in [4].  
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Figure 5. Soft contact with an exponential pressure-overclosure relationship according to [5] 

Loads and boundary conditions 
Boundary conditions was applied on the rock, where the nodes at the bottom were fixed in the 
vertical direction. The upstream and downstream side of the rock was prevented from moving 
the x-direction and the side of the rock, closest to the abutment was prevented from moving in 
the y-direction (see Figure 1 for coordinates).  
 
The gravity load was defined for the concrete structure using the built-in module in 
BRIGADE/Plus. No gravity load was applied to the rock. The hydrostatic pressure was 
applied to all upstream surfaces of the dam and rock using the built-in module in 
BRIGADE/Plus. The water level was assumed to always reach the crest of the dam. The 
temperature distribution calculated in the thermal analysis was applied as an embedded field. 

Solution method  
The loads were applied in three steps. In the first step, the gravity load and 20 % of the 
hydrostatic pressure was applied. The hydrostatic pressure was applied to increase the 
pressure on the toe of the foundation, which gives the contact the desired shape. In the second 
step, the remaining hydrostatic pressure was applied. The last load to be applied was the 
temperature.  
 
During the linear elastic solution, a static solver was used in all steps. During the nonlinear 
solution, a static solver was used for the first step. A quasi-static solver was used while 
applying the hydrostatic pressure and the temperature load.  

3 Results 

3.1 Thermal analysis 
The temperature distribution for the coldest winter and warmest summer are presented in 
Figure 6. The coldest month is January of the cold year with an air temperature of -25.8 °C 
and water temperature of 0 °C. The warmest month is July of the warm year with an air 
temperature of 19.7 °C and water temperature of 13.8 °C. 

 
(a) (b) 

Figure 6. Temperature distribution for the cold winter (a) and for the warm summer (b). The 
surface temperatures are close to the ambient temperatures (unit: °C) 
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3.2 Linear elastic analysis  

Deflection 
The displacements of the arch are calculated in the flow direction of the water (see Figure 1). 
The displacements along the vertical center line, crest and the horizontal line 14 m below the 
crest, in the downstream face, are presented in Figure 7. The displacements are presented for 
the extreme temperatures. The deflections are compared to the deflection with the static load 
(no temperature load).  

 
Figure 7. Displacement along the vertical centerline, the crest and the 14 m-line with the 

linear material model 

The maximum displacement in the crest, without temperature load is about 30 mm. Relative 
to this, the arch will deflect 16 mm upstream during the summer and 27 mm downstream 
during the winter. The shape of the deformed arch is presented in Figure 8.  
 

 
 

(a) Winter (b) Summer 

Figure 8. Displacement during the cold winter (a) and warm summer (b) with the linear elastic 
material model (deformation scale factor: 400, unit: mm) 

Stress distribution 
The tensile stress varies between the summer and winter. The tensile stresses for different 
temperature distributions are presented in Figure 9.  
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(a) Static (b) Summer 

 
(c) Winter (d) Winter 

Figure 9. Tensile stress in the arch during: static load (a), summer (b) and winter (c), (d) 
(grey: 𝜎𝑡 > 2.9 𝑀𝑃𝑎)  

The tensile strength (𝑓𝑡 = 2.9 𝑀𝑃𝑎) was exceeded in the downstream face of the arch after 
the dead load and hydrostatic pressure was applied. During the summer, the tensile stresses 
decreased below the tensile strength. During the winter period, the tensile stresses increased 
above the tensile strength with a maximum of 𝜎𝑡 = 9.2 𝑀𝑃𝑎. Cracks are deemed likely to 
develop in the downstream face of the arch during the hydrostatic pressure and to propagate 
during the winter months. Figure 10 presents a vector plot of the principal stresses on the 
downstream face of the arch, during the winter. An indication of the crack pattern can be 
traced from Figure 9 and Figure 10.   
 

 
Figure 10. Vector direction plot of the principal stresses during the winter  

3.3 Nonlinear analysis 

Displacements 
Using the nonlinear material model, the crest deflected 28 mm during the static load. Relative 
to this, the crest deflects 26 mm downstream during the winter and 14 mm upstream in the 
summer. A plastic hinge develops about 20 m down from the crest, along a horizontal crack. 
The arch will bend around the hinge, giving larger deflection lower in the section. During the 
summer, the plastic hinge will not recover and the shape of the deflections will therefore be 
affected. The deflected arch is depicted in Figure 12 and the deflections for the nonlinear 
material model are presented in Figure 11. 
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Figure 11. Displacement along the vertical centerline, the crest and the 14 m-line with 

nonlinear material model 

 
(a) Winter (b) Summer 

Figure 12. Displacement during the winter (a) and summer (b) with the nonlinear material 
model (scale factor: 400, unit: mm) 

Cracking behavior 
The crack pattern in the arch is presented in Figure 13.  The cracks in the arch were initiated 
during the static load. The initial crack pattern consists of horizontal cracks along the 
downstream face of the dam which propagates down, towards the abutments and the 
foundation. When the temperature decreased, the crack pattern retained the same shape but 
additional cracks were initiated and the cracks of the initial pattern increased. During the 
coldest months, vertical cracks developed from the foundation and more horizontal cracks 
appeared. During the summer, the cracks were unloaded.  
 

 
(a) Static load (b) Thermal load 

Figure 13. Crack pattern without temperature load (a) and after the temperature history (b)  
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The plastic hinge developed in the initial horizontal cracks, which arose during the hydrostatic 
load. These cracks were most prominent and the cracks formed during the coldest months 
were smaller. The crack widths during the coldest month are presented in Figure 14.  
 

 
Figure 14. Crack width during the coldest month  

4 Discussion 
A high fracture energy was used in the analyses in this report. The main reason for using a 
high fracture energy was convergence issues, where the simulations would not converge if 
low values were used. A parameter study was performed in [4] where 𝐺𝑓 = 280 𝑁𝑚/𝑚2 was 
found to be a reasonable value. A higher fracture energy should be expected in dam concrete 
since large aggregates are used [7]. The fracture energy used in this project is twice as high as 
the fracture energy given by the approximation in the fib model code [9].  
 
Convergence issues has been an important challenge during this project. Using a dynamic 
solution algorithm helped to improve convergence. The quasi-static solver in BRIGADE/Plus 
was used. The kinetic energy in the model never exceeded 1 % of the total strain energy and 
did not affect the solutions.  
 
The simulation of the interaction between the dam and the rock was an important issue, which 
created instabilities. The convergence issues were solved by using soft contact and a high 
friction coefficient and are discussed further in [4]. The foundation of the dam is simplified in 
the geometrical model. It would be interesting to do a more thorough study of the foundation 
of the dam, which included the actual geometry. Such a study could verify which boundary 
conditions are suitable for arch dams. A study of the foundation could also include a survey of 
surrounding rock to evaluate the risk for sliding failures.  

5 Alternative solution method  
In [4] an alternative geometrical model was analyzed, which included contraction joints. The 
contraction joints were created as partitions in the arch and was given a lower tensile strength 
but the same fracture energy. The alternative model had a redistribution of the stress in the 
arch, which relied more on cantilever action than the original model. This resulted in a 
different crack pattern, with a wider region of horizontal cracks and a less distinct plastic 
hinge. The crack pattern of the alternative model is presented in Figure 16 and deflection in 
Figure 16.  

 
Figure 15. Crack pattern of the alternative geometrical model with contraction joints 
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(a) 

 

(b) 

Figure 16. Displacements during winter (a) and summer (b) of the alternative geometrical 
model with contraction joints (scale factor: 400, unit: mm) 
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ABSTRACT: Concrete dams located in northern regions are subjected to severe temperature 

variations that contribute to their degradation. This paper presents thermomechanical finite-element 

analysis of a concrete arch dam located in northern Sweden. Two sets of thermal data is used herein, 

average and real temperature data. It is shown that by using real temperature data, numerous surface 

cracks are computed on the downstream dam’s face that are not present when using average thermal 

data. However good crack pattern correlation exists if only the principal cracks are compared between 

real and average temperature data. A discussion on the representativeness of thermomechanical 

analyses using thermal data constructed from extreme temperatures is achieved. The number of 

temperature cycles required to reach thermal crack stability is also discussed. Finally it is shown that 

taking into account rock-concrete debonding has a significant impact on the crack pattern computed. 

1 Introduction 

Concrete dams located in northern regions of Sweden can be subjected to severe temperature 

variations going up to 70°C between summer and winter. Due to those variations, thermal 

stresses may develop in the dam leading to concrete cracking. Hence, the aim of this paper is 

to assess the risk and the extent of thermal cracking on a concrete arch dam located in northern 

Sweden, theme A of the 14th ICOLD Benchmark Workshop on Numerical Analysis of Dams 

[1]. A finite element model of the concrete arch dam was used to perform linear and nonlinear 

numerical analyses using ANSYS software. Transient heat transfer analyses were firstly 

conducted using two sets of thermal data, average temperature data and real temperature data, 

to obtain a yearly temperature distribution within the dam. Two sets of mechanical analyses 

were performed: 1) linear analyses using self-weight, hydrostatic pressure and temperature 

variation to evaluate the displacements and stresses within the dam and also to identify areas 

that may be subjected to cracking, 2) nonlinear analyses using the same loads applied during 

the linear analyses to evaluate the cracking pattern within the dam. These mechanical analyses 

were conducted using specific constitutive models for the concrete and for the reinforcement 

present on the upstream and the downstream dam’s surfaces. Temperature, stresses 

distributions, computed displacements and cracks pattern resulting from the numerical analyses 

are presented as well as a conclusion about the performed analyses. 

2 Numerical model 

The concrete arch dam is close to 40 m high and has a crest length of approximately 170 m with 

a radius of 110 m. On the right bank, the concrete spillway has a total height of 30 m and a 

width of about 35 m, divided into two spillway sections of approximately 12 m. The mesh is 

constructed using 165000 nodes and 300000 elements. The dam body (51000 elements) and the 

spillway (58000 elements) are composed of trilinear hexahedral enhanced strain elements. The 

rock foundation (188000 elements) is meshed with constant strain tetrahedral elements. Seven 

elements are used in the thickness direction of the dam to capture cracking. The finite element 

mesh is shown in Figure 1 with its corresponding dimensions. Output results sections are also 

shown in this figure. Section 1 corresponds to the dam’s downstream center, Section 2 is taken 

along the downstream crest and Section 3 is taken on the downstream face, 14 m below the 

crest. 

 

87



 

Figure 1: a) Three-dimensional view of dam-rock model, b) finite element mesh of the dam body 

c) finite element mesh of the spillway section 

2.1 Materials 

A value of 33 GPa was given [1] as the instantaneous elastic modulus of concrete. However, a 

sustained elastic modulus was used for all the mechanical analyses presented in this paper. 

Hydrostatic and self-weight are considered as long-time loadings, therefore creep reduces 

effective modulus for these loadings to about two-thirds the tested elastic modulus [2]. A value 

of 22 GPa (2/3×33 GPa) has therefore been used for the sustained elastic modulus. For thermal 

stresses obtained from imposed thermal strain or a slowly applied thermal load, experimental 

evidence has been provided [3-6] on the importance of using a sustained concrete modulus to 

adequately compute thermal stresses. Hence the same factor as for long term loading has been 

applied for relaxation of thermal loading. Fracture energy of 240 N·m was used for all the 

analyses. This is a typical value for concrete dams having similar elastic modulus and tensile 

strength [7]. 

2.2 Thermal loads 

Climatic temperature conditions of ambient air and water were used as thermal loads to perform 

transient heat transfer analyses. Two different sets of climatic data were used: 

1. the average temperature (daily average) of ambient air and water; 

2. temperature of ambient air and water obtained from a site near the dam location 

(Skellefteå) for period 2001 to 2007. 

Figure 2a shows the real and average ambient air temperature while Figure 2b shows the real 

and average water temperature used in the model. Water temperature was assumed to be 

constant over the depth of the reservoir. Temperatures were defined in the model using 

convective heat transfer coefficients as given in reference [1]. The initial temperature of the 

concrete was set to 4C. Adiabatic boundary conditions were considered on the foundation 

(rock) excluding the bottom layer of the foundation where a temperature of 4C was applied. 

The effect of solar radiation was neglected. 

 

a) 

c) b) 
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Figure 2: Temperature applied on the model, (a) ambient temperature, (b) water temperature 

2.3 Constitutive model for concrete 

Concrete damage is modeled using a regularized anisotropic rotating crack model implemented 

as a USER3001 element in ANSYS. A summary of the model is given herein.  

With the energy equivalence concept, the local damaged constitutive tensor C d

( l) is given by: 

 C d

( l)
= M

¡ 1
C 0 (M

¡ 1
)

T
 (1) 

 

where C 0  is the undamaged constitutive matrix and M  the anisotropic damage tensor. The 

damage tensor is a function of the internal scalars · i (i 2 [1 ; 3 ]). This parameter initially equals 

the damage threshold r 0 =
f t

E
 and is the largest recorded value of the principal strains " i during 

the damage process. This evolution is governed by the Kuhn-Tucker condition, given as a 

loading function f i  such that: 

 f i (" i ; · i ) = " i ¡ · i (2) 

 

Loading is indicated by f i ¸ 0  and unloading by f i < 0 . The unloading behavior can be 

simulated using the secant stiffness. Damage is initiated when a tensor norm is greater than the 

initial threshold r 0 . One suitable norm that considers the effect of compressive strains [8, 9] can 

be written as follows: 

 ¹" =

v
u
u
t

3X

i= 1

µ

h"
a v

i
i 2 + m h¡ "

a v

i
i 2

¶

 (3) 

 

where h : : : i are the Macaulay brackets:h" av

i
i = "

av

i
if "

a v

i
> 0 , h" av

i
i = 0 if "

av

i
< 0 , " a v

i
 are the 

principal strains estimated at the element barycentric coordinates and m =

µ
f t

f c

¶ 2

with f t , the 

tensile strength and f c  the compressive strength. The damage evolution law is the one proposed 

in [10]: 

 

 d = 1 ¡

r
r 0

¹"
exp (¡R ( ¹" ¡ r 0 ))  (4) 

where r 0 =
f t

E 0

 is the initial threshold defined in terms of the tensile strength and the elastic 

modulus E 0 . Mesh objectivity requirements are satisfied adequately by introducing a 

regularization based on the energy equivalence included in variable R . The stress-strain 

diagram is adjusted such that the fracture energy is conserved regardless of the size of the 

                                                 
1 The USER300 element is the name given to the user defined custom element type in ANSYS. 

-30

-20

-10

0

10

20

30

Ja
n

u
a

ry
A

p
ri

l
Ju

ly
O

c
to

b
e

r
Ja

n
u

a
ry

A
p

ri
l

Ju
ly

O
c

to
b

e
r

Ja
n

u
a

ry
A

p
ri

l
Ju

ly
O

c
to

b
e

r
Ja

n
u

a
ry

A
p

ri
l

Ju
ly

O
c

to
b

e
r

Ja
n

u
a

ry
A

p
ri

l
Ju

ly
O

c
to

b
e

r
Ja

n
u

a
ry

A
p

ri
l

Ju
ly

O
c

to
b

e
r

Ja
n

u
a

ry

T
em

p
er

at
u

re
 (
 C

)
Real temperature Average temperature

-2

0

2

4

6

8

10

12

14

Ja
n

u
a

ry
A

p
ri

l
Ju

ly
O

c
to

b
e

r
Ja

n
u

a
ry

A
p

ri
l

Ju
ly

O
c

to
b

e
r

Ja
n

u
a

ry
A

p
ri

l
Ju

ly
O

c
to

b
e

r
Ja

n
u

a
ry

A
p

ri
l

Ju
ly

O
c

to
b

e
r

Ja
n

u
a

ry
A

p
ri

l
Ju

ly
O

c
to

b
e

r
Ja

n
u

a
ry

A
p

ri
l

Ju
ly

O
c

to
b

e
r

Ja
n

u
a

ry

T
em

p
er

at
u
re

 (
 C

)

Real temperature Average temperaturea) b) 

89



element considered. Finally, the rigidity matrix computed with the local constitutive tensor 

C d

( l)  is rotated such that it is aligned with the global coordinates. The rotation matrix is 

computed using the principal strains eigenvectors.  

2.4 Constitutive model for reinforcement 

Embedded reinforcement model is used to take into account the presence of rebars within the 

implemented USER300 element. This approach accounts for the discrete presence of the rebars 

within a parent element. The reinforcement are positioned in each parent elements by locating 

the intersection points of each rebars with all intersected elements. Hence, the rebar nodes can 

be generated independently of the element nodes within the respective element. The rebar 

stiffness is added to the parent element along the rebar direction. Perfect bond between concrete 

and rebars is assumed and no tension stiffening prior to cracking is assumed for concrete. The 

element rigidity matrix is given by: 

 K
e

=

Z

Ð p

B
e

p

T
C p B

e

p
d Ð p +

n r e b a rX

i= 1

Z

Ð r i

B
e

p

T
T

T

r i
C r i

T r i
B

e

p
d Ð r i

 (5) 

where B e

p
 is the strain-displacement matrix for a parent (concrete) element, C p  is the elasticity 

matrix for continuum (parent element), Ð p  the volume of the parent element, T r i
 the 

transformation matrix from the local to the global configuration, C r i
 the elasticity matrix for 

reinforcement (uniaxial tension/compression only continuum) and  Ð r i
 the volume of the rebar 

inside the parent element. Plasticity of the rebar material is modeled using a bilinear stress-

strain curve. The slope of the elastic segment in the curve is equivalent to the Young's modulus 

of the material while the slope of the second segment is given by the tangent modulus. 

3 Numerical results 

3.1 Thermal analysis results 

The transient analysis using the average temperature was run for six years to ensure stability of 

the temperature distribution and only the sixth year is saved. The transient analysis using the 

real temperature data was carried out for six years with an initial temperature distribution 

corresponding to the temperature obtained from the average temperature distribution. The six 

years were saved in order to perform the nonlinear thermomechanical analysis using multiple 

yearly thermal cycles. Figure 3 shows the temperature distribution obtained at the dam center 

section on January 15th (minimum temperature) and on July 15th (maximum temperature).  

 

 

Figure 3: Computed temperature distribution in section 1, a) January 15th ambient thermal 

conditions, b) July 15th ambient thermal conditions 

Figure 4 gives the temperature as a function of time for the transient thermal analysis for two 

points in the model. Figure 4a compares the results of a point located at the downstream surface 

of the dam at the intersection of sections 1 and 3 (see Figure 1 for location).  
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Figure 4: Computed temperature results, a) results from a point located at the downstream 

surface of the dam at the intersection of sections 1 and 3, b) results from a point located 

0.45 m inside the dam near the same intersection 

 

It is interesting to note that the surface temperature is perfectly in cycle with the applied 

temperature, however the ambient temperatures are not attained. That is the consequence of 

using a low convective coefficient, especially compared to the concrete-water convective 

coefficient. When the winter temperature computed from the real temperature data analysis is 

compared to the ambient temperatures applied, it is obvious that when cold peaks occur, this 

has no significant impact on the concrete surface temperature. This can again be explained by 

the low convective coefficient and by the short periods of these cold temperature peaks. This 

confirms that running an analysis using a cycle including maximum and minimum temperature 

data is incorrect as it overestimates cold temperature penetration into the dam body. Figure 4b 

compares the same data but for a point located inside the dam, at 0.45 meters from the 

downstream surface. It is possible to note that there is a slight difference between the thermal 

cycle applied and the computed response due to thermal inertia and the low coefficient of 

convection. There can be as much as 15°C temperature difference between the convective 

temperature and the computed temperature. Therefore, when cold temperature peaks occur, 

cracking may occur only on the surface of the dam, without penetrating deeply inside the body. 

3.2 Linear analysis 

Linear analyses have been performed using gravity load, hydrostatic pressure and the yearly 

temperature distribution obtained from the thermal analyses carried out with the average 

temperature. Two linear analyses have been conducted: an analysis where only the self-weight 

load (PP) and the hydrostatic load (W) are applied in the model and another analysis where the 

yearly temperature load is also applied.  

Figure 5 illustrates the total displacements distribution within the dam on January 15th and July 

15th. The principal stress distribution on the downstream face of the dam is shown on Figure 6. 

The maximal tensile stress computed is about 4.5 MPa. The distribution also shows various 

areas such as the area at mid-height going from the left bank of the dam to approximatively 

two-thirds of the dam length and the lower section of the left bank of the dam where the 

computed stress is over 3 MPa. The concrete tensile strength being 2.9 MPa, those areas are 

most likely to be subjected to cracking. Vectors in Figure 6 are the principal tensile stresses 

directions (eigenvectors) on the downstream face. If cracks develop during nonlinear analyses, 

they will line up in a direction perpendicular to the vectors shown. Having a bonded rock-

concrete interface yields a high level of stress at the base of the upstream surface. The sensitivity 

of thermal cracking as a function of the type of thermal data used will be computed assuming 

that the base of the upstream surface is linear elastic and that the concrete-rock contact is 
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bounded. This reduces the nonlinearities in the numerical model. Depending on the results 

obtained, thermal data will be selected to carry out a study including a possible movement at 

the rock-concrete interface. 

 

Figure 5: Linear displacements distribution, a) January 15th, b) July 15th 

 

Figure 6: Principal stresses distribution, January 15th 

3.3 Nonlinear analysis computed with average temperature 

One thermal cycle is performed using average ambient temperature on a model taking into 

account thermal stress relaxation by using the sustained modulus and on a model not taking into 

account stress relaxation. Figure 7 compares cracking distribution on the downstream face for 

both analyses. It can be noted that stress relaxation has an important effect on thermal cracking 

and for the reasons given in section 2.1 it should be considered for thermomechanical cracking 

analysis. 

 

Figure 7: Crack distribution on the downstream face, a) one thermal cycle taking into account 

stress relaxation, b) one thermal cycle using instantaneous elastic modulus 

The effect on temperature cycling on the crack distribution is given in Figure 8. From this 

analysis, it is possible to conclude that at least three cycles are required in order to represent a 

stable state of cracking. However, it should be noted that the effects of freeze/thaw cycles on 

the concrete properties and the expansion of water potentially present in the cracks during icing 

are not considered in the analyses.  
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Figure 8: Crack distribution on the downstream face, a) analysis with one thermal cycle, b) 

analysis with two thermal cycles, c) analysis with three thermal cycles, d) analysis with four 

thermal cycles 

Using the analysis of the fourth cycle, it is possible to see that one principal horizontal crack 

appears approximately 12 m below the crest. This crack penetrates deeply inside the dam, 

almost reaching the upstream surface. The oblique crack on the right bank near the lowest point 

of the dam penetrates about halfway through the dam’s thickness. The other cracks shown are 

only surface cracks. 

3.4 Nonlinear analysis computed with real temperature data 

The cracking obtained after running five years of thermal data is given in Figure 9a and is 

compared with the crack distribution using average temperature data (Figure 9b). Additional 

vertical and oblique surface cracks develop on the downstream face. These cracks are very 

superficial and do not affect the global structural integrity. Both analysis have in common the 

important horizontal crack 12 m below the crest, however the results obtained using real 

temperature data show two horizontal cracks approximately 3 meters apart whereas one main 

crack is computed using average temperatures. 

 

Figure 9: Crack distribution on the downstream face, a) real temperature data, b) average 

temperature data  

3.5 Comparison of displacements at different dam sections 

Three denominations are used to present the results in Figure 10: “Static” refers to the results 

obtained when only the self-weight and the hydrostatic pressure are applied, “Min” refers to the 

results obtained when self-weight, hydrostatic load and the maximum temperature distribution 

corresponding to July 15th are applied and finally “Max” refers to the results obtained with self-

weight, hydrostatic load, and the minimum temperature load (January 15th) applied to the 

model. 

Figure 10a shows the linear computed displacements (X direction, upstream to downstream) on 

the downstream surface along the dam crest (Section 2, Figure 1). The computed displacements 

obtained on a section (Section 3, Figure 1) 14 m below the dam crest are given in Figure 10b 

while Figure 10c shows the displacements computed along the dam height at the center of the 

dam (Section 1, Figure 1). 

The crest displacements obtained from the nonlinear analyses given in Figure 10a show clearly 

the effect of the horizontal crack (13 m below the crest). The dam crest has a tendency to move 

less towards downstream after cracking. However, the displacements computed below the 

horizontal crack (given in Figure 10b and in Figure 10c for elevation between 0 to 24 m) are in 
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the same range, the nonlinear displacements being slightly higher towards downstream. It is 

interesting to note that the displacements of both nonlinear analyses are in the same range. 

      

Figure 10: Computed displacements at different sections of the dam, a) displacement along 

the crest dam, Section 2, b) displacement 14 m below the crest dam, Section 3, c) 

displacement along dam height, Section 1 

3.6 Nonlinear analysis including rock-concrete interface debonding 

On the basis of a comparison of the results obtained in the previous sections, these remarks can 

be made: 

 when comparing the extent of the main cracks, there is a good correlation between the 

analysis using average temperature data and the analysis using real temperature data; 

 analysis using real thermal data gives multiple superficial cracks on the dam surface not 

computed using average thermal data; 

 displacements computed at different locations of the dam using the two thermal data 

sets are of the same order, therefore the superficial downstream cracks have marginal 

effects on the dam displacements. 

Therefore, the analysis taking into account rock-concrete debonding is carried out using average 

temperature. This analysis requires less computational effort and computes the main cracks that 

can be a concern for the dam safety. 

Rock-concrete debonding is modeled using contact elements, assuming that the coefficient of 

friction is extremely high (rough contact) to simulate the hinge effect of the particular rock-

concrete rounded shape. Therefore sliding is prevented but the dam base is allowed to rotate. 

Figure 11 gives the comparison of the crack pattern obtained with the analysis taking into rock-

concrete debonding with that computed by considering bonded rock-concrete interface. The 

crack pattern is significantly different. Horizontal cracks are lower and in greater numbers. 

Numerous oblique cracks have also appeared. Figure 12 gives the computed crack deepness. 

Three main horizontal cracks appear, the highest crack being approximately 19 m below the 

crest, the second highest 1.5 m below the first one and the lowest crack is 3 m lower than the 

second one. These three cracks are close to reach the upstream surface. 

 

Figure 11: Crack distribution on the downstream face, a) with rock-concrete debonding,  

b) without rock-concrete debonding 
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Figure 12: Computed crack deepness  

Figure 13a gives the forces in the reinforcement bars. Multiple vertical reinforcement bars and 

a small number of horizontal bars have plastified on the downstream face. Figure 13b gives the 

location of these plastified bars. 

   

Figure 13: a) Forces in the reinforcements for a thermal field corresponding to January 15th, b) 

reinforcements sections that have attained plastic deformation 

This analysis clearly shows the importance on calibrating the rock-concrete interface, the crack 

pattern being substantially different when using rock-concrete interface debonding. With field 

displacement data as well as piezometric data, this calibration could be achieved. One of the 

calibration could be made by comparing the displacements given in Figure 14 with field data 

treated with a proper HST (Hydrostatic, Seasonal, Time) analysis. Depending on where with 

respect to both curves the HST data is located, the contact opening may be forced to open or 

close by either adding a hydraulic pressure or a contact opening stiffness.  

 

Figure 14: Computed displacements at different sections of the dam, a) displacement along 

the crest dam, Section 2, b) displacement 14 m below the crest dam, Section 3, c) 

displacement along dam height, Section 1 

4 Conclusions 

Thermomechanical analyses conducted on the concrete arch dam located in a northern region 

showed that important cracking can occur. Two nonlinear sets of analysis were conducted: one 

using average annual temperature data and one using real temperature data. 
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It was shown that by comparing the extent of the main cracks, there is a good correlation 

between the two analyses. However, a number of additional surface cracks appear when using 

real temperature data. These cracks are caused by the extremely cold temperature that can be 

reached on the dam’s downstream surface. Because these temperatures are only present for 

short periods of time, they do not penetrate deeply inside the dam’s body, therefore avoiding 

these cracks penetrating more deeply. Hence, these cracks have no effect on the dam stability. 

This confirms that the use of thermal cycles constructed using extreme data is not representative 

of reality. For such temperature cycles, cold temperatures are applied over long periods and 

may penetrate deeper into the body of the structure unrealistically.  

It was also shown that at least three thermal cycles are required before stable thermal cracking 

occurs using the assumptions that the effects of freeze/thaw cycles on the concrete properties 

and the expansion of water potentially present in the cracks during icing are neglected. 

Using these findings, an analysis considering rock-concrete debonding was carried out using 

average temperature data. The crack pattern computed using rock-concrete debonding changed 

substantially compared to the pattern computed with a bonded rock-concrete interface. The 

horizontal cracks are located lower and a number of short oblique cracks have appeared. As the 

high level of stress on the upstream face was relieved this analysis was considered to be the 

most representative of field conditions. Since the impact of taking into account rock-concrete 

interface debonding was important, calibration with field data should be performed to define 

the most accurate rock-concrete conditions (pressure, friction, …). 

From the dam safety point of view, the computed horizontal cracks almost reach the upstream 

which is a concern for the long term dam stability. However, these cracks were computed 

without considering the vertical dam joints which should reduce their extent. 
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ABSTRACT: The dams suited in cold regions, experience annual temperature variations exceeding 
50 °C. The difference between the temperatures on the upstream and downstream surfaces of dams can 
be more than 30 °C. The constraints caused by the temperature gradients and boundaries of the structure 
in combination with the mechanical loads can strain the structure, lead to cracking and impose non-
linear structural behavior. The paper deals with modelling of crack development caused by combined 
thermal and mechanical effects. The model is based on a transient physical model describing the 
seasonal temperature variation of the structure and a mechanical model which combines the effects of 
the temperature variation with the mechanical loading. The mechanical model is based on total strain 
rotating crack model (smeared cracking). The work is carried out by Sweco Energuide and DIANA FEA 
in co-operation, where Sweco stood for the guidance and DIANA carried out the analysis. The paper is 
compiled by Sweco and DIANA together. 

1 Introduction 
ICOLD’s Committee A on Computational Aspects of Analysis and Design of Dams arranges 
every two years an international benchmark workshop on Numerical Analysis of Dams. This 
workshop is the number 14th within a series of workshops which started in 1992. The workshops 
deal with the state-of-the-art applied to numerical analysis within the area of the dams. The 
current workshop includes 5 themes, in which this paper deals with the subject formulated in 
theme A: Thermal cracking of a concrete arch dam.  
 
Application of numerical models based on non-linear material behavior has increased due to 
the development of capacity of the computers and software. It is now possible to account for 
physical and mechanical non-linearity of the materials and analyze combined actions of 
chemical reactions, physical and mechanical impacts. The combination of alkali silica reaction 
(internal pressure), thermal effects (strain gradient caused by temperature) and hydrostatic load 
is an excellent example on the combined actions of several phenomena. This type of problem 
is preferably treated with models which include non-linear material behavior, such as cracking 
of concrete. 
 
The theme A deals with a dam suited in a cold region, where the difference between the summer 
and winter air temperatures can be more than 50 °C. Furthermore, the difference between the 
temperatures on the upstream and downstream surfaces of the dam can be more than 30 °C. The 
constraints caused by the temperature gradients and boundaries of the structure in combination 
with the mechanical loads can strain the structure and lead to cracking. The crack initiation and 
development in concrete caused by the thermal effects and mechanical loads is preferably 
treated with the non-linear models which include the strain softening behavior of concrete: 
models which take into account the complete tensile stress-deformation relation of the concrete.  
 
The paper presents results of analysis which describes initiation and development of cracks in 
a single arch concrete dam caused by the seasonal variation of the temperature. The analysis 
contains modelling of transient temperature. Furthermore, it provides the thermal strains, which 
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are combined with the effects of the hydrostatic and gravity loads. The applied cracking 
approach was based on total strain rotating crack model (smeared cracking).  
 
The work is carried out by Sweco Energuide and DIANA FEA in co-operation, where Sweco 
stood for the guidance and DIANA carried out the analysis. The paper is compiled by Sweco 
and DIANA together. 

2 Finite element model 

2.1 Geometry 
The geometry, data and illustrations of the structure presented in this section are provided by 
the formulator. The analyzed structure is illustrated in Fig. 1. The geometrical model consists 
of the arch dam including spillway and the rock foundation.  
 

  
Figure 1: Illustration of the geometrical model of the concrete arch dam, spillway and the 

foundation (provided by the formulator). 

The concrete single-arch and constant radius dam is 40 m high and has a crest length of about 
170 m with a radius of 110 m. The thickness of the dam is about 2.5 m at the crest and 5 m at 
the base (central cross section). The dam is reinforced with 25 mm bars, which are placed 
vertically and horizontally on both up- and downstream sides of the dam. The spacing of the 
bars is 300 mm in both vertical and horizontal direction. The concrete cover on both sides is 
100 mm. There is one layer of horizontal reinforcement on both sides and one layer of vertical 
reinforcement on the upstream side of the dam. The downstream side contains two layers of 
vertical reinforcement with a spacing of 100 mm. The concrete spillway has a total height of 
30 m and a total width of about 35 m, divided into two spillway sections of about 12 m each. 
The rock foundation has roughly the following projected surface area 90 × 210 m2 and a 
thickness varying between 18 m to 60 m. 
 
The provided geometrical data was imported to DIANA computer program, using the Diana 
Interactive Environment (DianaIE) interface. Some interventions were made to the imported 
geometry in order to achieve a structured and optimized mesh. The dam thickness was divided 
into layers in order to have 6 elements along the thickness and limit the total number of finite 
elements to an affordable quantity. The mesh is constituted by 121342 elements and 352713 
nodes (Fig. 2a). The mesh was generated in DianaIE with the following characteristics: 

• Solid elements with quadratic interpolation (Fig. 2b) for the concrete and foundations, 
• Plane flow boundary elements with linear interpolation (Fig. 2c) for the thermal 

boundaries 
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• Structural interface elements between two planes in a 3D configuration with a quadratic 
interpolation (Fig. 2d) for the connection between the soil and concrete  

• Reinforcement grids (truss-like behavior) (Fig 2e), located one downstream and other 
upstream. The downstream reinforcement that consists of one layer of bars was 
modelled as one grid reinforcement placed 100 mm inside the concrete. The 
downstream reinforcement, consisting of two layers was also modelled with one grid 
reinforcement with the area equivalent of two times 25 mm diameter bars spaced of 300 
mm and placed 150 mm inside the downstream surface.  

• The mesh was created considering the following element sizes: 
o Concrete arch: thickness divided in 6 layers; 1 m along the height and 

longitudinal directions; 
o Spillway and arch end: 1.5 m; Foundation: 3 m; Rock: 6 m. 

 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

Figure 2: Mesh and types of finite elements used in the model: a) finite element mesh, b) solid 
structural elements, c) plane boundary potential flow elements, c) structural interface elements 

between two planes and d) grid reinforcement embedded in solid element 

2.2 Thermal analysis 

Boundary and initial conditions 
The following boundary conditions were assumed: 

• Concrete/rock-air heat transfer coefficient: 13 W/(m2·°C) 
• Concrete (insulated)-air heat transfer coefficient: 4 W/(m2·°C) 
• Concrete/rock-water heat transfer coefficient: 500 W/(m2·°C) 
• Concrete-rock heat transfer: No limits 

 
The upstream surface of the arch dam, spillway and the abutment, and the bottom horizontal 
surface of the spillway were assumed to be in contact with water. The downstream surface of 
the arch dam was assumed to be insulated. The rock, spillway and abutment surfaces in 
downstream part were assumed to be in contact with air. The thermal radiation was disregarded.   
 
With the maximum and minimum monthly temperatures provided by the formulator, two 
combinations of temperature curves were considered in the analysis: one starting with warm 
period and other starting with cold period. Computations were performed for a total period of 
4 years. The initial condition considered for the entire model was a temperature of 4°C. 
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The coldest and warmest months are marked in the temperature graphs with the letterings and 
colors that will be used in other sections to refer to the graphs and events in Fig. 3. The letterings 
are as followed: 
 
W–WM1: temperature curve starting with warm period (W), warmest month (WM) of year 1 
W–WM2: temperature curve starting with warm period, warmest month of year 3 
W–CM1: temperature curve starting with warm period, coldest month of year 2 
W–CM2: temperature curve starting with warm period, coldest month of year 4 
 
C–CM1: temperature curve starting with cold period (C), coldest month (CM) of year 1 
C–CM2: temperature curve starting with cold period, coldest month of year 3 
C–WM1: temperature curve starting with cold period, warmest month of year 2 
C–WM2: temperature curve starting with cold period, warmest month of year 4 
 

  
a) b) 

Figure 3: Temperature development in time: a) starting with warm period and b) starting with 
cold period. 

Material properties 
The material properties were given by the formulators. No thermal effects were considered in 
the reinforcement. 

Table 1: Physical material properties 

 Concrete Rock 
Thermal conductivity W/(m*K) 2 3 
Volumetric heat capacity J/(m3*K) 2070000 2295000 

Solution procedures  
The transient thermal analysis was performed with time steps of 30 days computing the 
temperature distribution in the model. Solution method: Parallel Direct Sparse with 1E-8 
tolerance (default). 

2.3 Mechanical analysis 

Boundary conditions and interactions 
The boundary conditions and interactions are illustrated in Fig. 4. 

• Fix translations in X- and Y- directions in the faces of the soil 
• Fix translations in the Z-direction in the bottom face of the rock 
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• A structural interface was used between the base of the concrete dam and the soil 
(Fig. 2c). The mechanical properties assumed for the contact behavior are listed in Table 
2. 

 

  
 

a) b) c) 
Figure 4: Boundary conditions and interactions: a) fix translations in the lateral faces of the 
soil, b) fix translations in the bottom faces of the soil, c) interface for contact between dam 

and soil. 

Mechanical loads 
The loads considered in the model are the self-weight and the hydrostatic pressure with the 
water level considered until the crest of the dam. 

Temperature effects 
A model for staggered flow-stress analysis comprises two domains: one for flow analysis and 
one for structural analysis. These domains are overlapped to what is called the `flow-stress 
domain'. DIANA automatically converts the results of a potential flow analysis to input data 
for a structural analysis. In the present case, linearly interpolated elements where used for the 
thermal analysis and quadratically interpolated elements were used in the mechanical analysis. 
The quadratically interpolated elements in the flow-stress domain are converted to linearly 
interpolated elements. Therefore the mid-nodes of quadratic structural elements are not 
involved in the potential flow analysis. 

Material properties 

Table 2: Mechanical material properties. 

 Concrete Rock R-bars 
Density (kg/m3) 2300 2700 7800 
Thermal expansion (1/K) 10-5 10-5 - 
Poisson’s ratio 0.2 0.15 0.3 
E-modulus (GPa) 33 40 200 
Tensile strength (MPa) 2.9 -  
Compressive  strength (MPa) 38 -  
Yield stress (MPa) - - 360 
Ultimate strength (MPa) - - 600 
Ultimate strain (-) - - 0.15 

 
Non-linear behavior of concrete is described in Fig. 5, where fct (MPa) and fcc (MPa) are tensile 
and compressive strength of concrete, GF (N/m) is the fracture energy and h (m) is the 
characteristic length of the element. 
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Cracking is considered to start as soon as Rankine surface is attained (Rankine failure criterion). 
The applied cracking approach was based on total strain rotating crack model (smeared 
cracking), [1]. 
The analyses were performed with three different fracture energies: 170 (N/m), 200 (N/m) and 
250 (N/m). 

 
Figure 5: Non-linear properties of concrete. 

Mechanical properties of interface elements 

Table 2: Mechanical properties of interface elements, [2]. 

Linear properties Non-linear properties 
3D surface interface 
Normal stiffness modulus kz = 3e12 N/m3 
Shear stiffness modulus kx = 3e11 N/m3 
Shear stiffness modulus ky = 3e11 N/m3 
 

No-tension with constant shear stiffness 
Critical interface opening = 0.0008 mm* 

Normal stiffness reduction factor = 1e-0.7* 

 

*These values guaranteed convergence and no cracking at the base of the dam during application of the 
water load. 
 
No temperature effects were considered in the mechanical properties. 

Solution procedures and convergence properties 
In a staggered thermal – mechanical analysis, after the thermal analysis, a mechanical analysis 
is performed. The mechanical analysis includes the following steps: 

1. Start step with the application of the self-weight (meaning zero displacements) 
2. Water load applied in 1 step for the linear analysis and in 10 equal steps for the nonlinear 

analysis 
3. Temperature development with time steps (30 days for linear analysis, 1 day for 

nonlinear analysis) 
o Maximum number of iterations 30  
o Method Newton-Raphon (default) 
o Convergence norm, Force - tolerance 1% (default), Displacement – tolerance 1% 

(default) 
Solution method: Parallel Direct Sparse with 1E-8 tolerance (default) 

 
Convergence difficulties found and solutions: 
In the start of the cooling period the computation faced convergence issues when using larger 
time steps. The solution found was to decrease the time steps to 1 day. In this manner, it was 
possible to attain full convergence along the entire analyzed time frame. For lower fracture 
energies (140 N/m), crack widths became so large that even with 1 day of time steps is was not 
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possible to reach convergence in the coolest period. A possible solution could be decrease even 
more the time steps in this phase, which was not tried by the authors. 

3 Results 

3.1 Thermal analysis 
The results of the thermal analyses at the central cross section of the dam for warmest month 
and coldest month, starting with a warm period are shown in Fig. 6. No significant difference 
was found in the maximum and minimum temperatures when the temperature curve started 
with a warm period when compared with starting with a cold period. Furthermore, there were 
no differences between the extreme temperatures, when the temperatures of the 3rd and 4th years 
were compared with the temperatures of the 1st and 2nd years.  
 

  
W-WM1 W-CM1 

Figure 6: Results of the thermal analyses at the central cross section of the dam for warmest 
month (left) and coldest month (right), starting with a warm period. 

3.2 Linear and Non-linear mechanical analysis 
All results presented in this section relate to GF= 170 N/m. The figures present in general results 
of Linear (L) and non-linear (NL) analysis for coldest month (CM) and warmest month (WM) 
starting either with cold (C) or warm (W) period. 
 

 

 

Figure 7: Variation of displacements along with the dam height on the downstream surface of 
the dam in the central cross section. The results consider initial conditions and the minimum 
and maximum cases.  

103



  
Figure 8: Variation of displacements of the downstream surface along with the dam length: 

(left) on crest level and (right) the 14 m below the crest.  
 

 

 

 

 
 

W-WM1 W–CM1 
Figure 9: Contour plot illustrating the displacement of the dam for linear analysis.  

 

  
 

 
 

W–WM1 W–CM1 
Figure 10: Contour plot illustrating the areas which are exceeding the tensile strength of the 

material. Crack Index Ftu: tensile stress/tensile strength. 
 

  W–CM1 
Figure 11: Vector plot illustrating the in-plane principal stress tensor for the linear analysis 

104



 

 

 
W–WM1 W–CM1 

Figure 12: Contour plot illustrating the displacement of the dam for non- linear analysis. 

  

 

W–CM1   

  
C–CM1    

Figure 13: Contour plot illustrating the calculated extent of cracking (principal crack width 
represented). Representation isometric view presenting downstream surface and cross section 

in the center of the dam. 
 
The crack index reveals a high risk of cracking along the downstream surface for the cold 
periods. The nonlinear analysis allows predicting the crack patterns and widths. There crack 
pattern in the cold period is less extended for the temperature curve starting with the warm 
period, as the area at high risk of cracking is first under compression during the warm period. 

3.2.1 Effects of fracture energy 
The influence of the GF on the displacement is shown in Fig. 14. The results consider the 
influence of GF on the calculated displacements vs. location along with the dam length: (left) 
on the crest, (right) on the level 14 m below the crest for warmest month (WM), coldest month 
(CM) and initial condition (Water). As can be observed the GF, within the considered range, 
has no impacts on the results except for the results of coldest month on the crest level where 
the GF = 250 N/m results in lowest displacement. The results could be explained by the fact that 
the higher GF the greater crack resistance and the lower displacement. Crack patterns were 
similar and crack widths increase with the decrease of fracture energy. 
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Figure 14: The influence of GF on calculated displacements vs. location along with the dam 

length: (left) on the crest, (right) on the level 14 m below the crest for warmest month (WM), 
coldest month (CM) and initial condition (Water).    

 

4 Conclusions  
The dam structure and its current condition is not known for the authors of this paper. The 
authors have no access to measured displacements, crack widths and crack 
formation/distribution on the structure. Hence, it is not possible to verify the model’s precision 

and ability to predict the structural behavior of the dam. The predictions of the model will be 
compared with the measured data during Benchmark Workshop when the data is released. 
Nevertheless, the results show that temperature has a great impact on the structural behavior of 
the dam and may cause extensive cracking on the downstream side of the dam. The cracks 
develop mostly during cooling periods of the year. Although cracks are shallow they can be of 
particular concern regarding durability of the structure, especially when the synergy with other 
deteriorating mechanisms such as alkali silica reaction and frost attack are concerned. 
 
The size of the structure governs both computation time and the convergence of the solution. 
In order to achieve convergence the size of the elements and the time step must be reduced, 
which increase the total computation time. The results show that the ductility of the material 
(fracture energy and shape of the stress-displacement relation) may play an important role 
regarding the structural behavior and convergence of the solution. As far as structural behavior 
is concerned the results show that the increased fracture energy has an impact on the crack 
resistance of the structure. In the presented case the variation of fracture energy when it is lower 
than 200 N/m has no impact on the total deformation during the cold period of year, the period 
when the cracks are being developed. The results may suggest that the cracking properties of 
the material have no impact on the structural behavior of the dam, when fracture energy is lower 
than 200 N/m. When regarding the convergence of the solution the possibility to achieve 
convergence increases with increasing fracture energy. Therefore, knowledge on actual 
material properties is important for prediction of the structural behavior, to determine the 
numerical limits of the model and adjust the convergence criterion of the analysis. 
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ABSTRACT: The concrete arch dam proposed for the 14th International Benchmark Workshop on 

Numerical Analysis (theme A) was numerically studied using computational codes purposely 

developed by the authors for dam analysis. Given that the codes use 2nd order 20-node brick elements, 

the concrete arch dam finite element mesh given as input by the organizing committee had to be 

adapted. The arch dam geometry follows closely the given input node coordinates. In order to ease the 

generation process, the foundation finite element mesh was totally redefined. The thermal analysis was 

done using a transient analysis model. A linear mechanical analysis including the gravity load, the 

hydrostatic pressure and the extreme temperature variations resulting from the thermal analysis was 

carried out. Then, a nonlinear model was considered at the dam/foundation interface in order to better 

simulate its behaviour, given that the arch dam is excavated into the rock where the support is made to 

act like a hinge. Finally, a nonlinear finite element analysis was carried out with a two scalar damage 

model at the brick finite elements representing the arch dam body. In this latter nonlinear analysis, a 

smeared reinforcement model was adopted at the upstream and downstream arch dam faces, following 

a linear elastic model. A discrete crack model was also analysed. Results of both thermal and 

mechanical analyses are presented and discussed.  

1 Introduction 

The concrete arch dam was numerically studied using computer codes purposely developed 

by the authors for dam analysis, which have been used in the assessment of the behaviour of 

several operating arch dams (thermal, static and dynamic analysis).  

The thermal analysis was carried out with the finite element program PAT [1, 2], which 

adopts a transient analysis, including Dirichlet boundary conditions (concrete/water and 

foundation/water) and Robin boundary conditions (concrete/air and rock/air interfaces). The 

code uses 2nd order 20-node brick isoparametric elements. 

The mechanical analysis was carried out with the finite element program Parmac3D [3, 4] 

which uses an explicit solution algorithm based on the central difference method and a 

dynamic relaxation algorithm for static convergence. The program includes: i) 3D 8-node 

linear and 2nd order 20-node brick finite elements, ii) 4-node linear and 8-node 2nd order two 

dimensional joint interface elements, iii) unidimensional linear bar elements (representing the 

reinforcement in a discrete way) and iv) 4-node linear and 8-node 2nd order plane elements 

(which allow the simulation of the reinforcement bars in a smeared way over the plane finite 

element area).  

A two variable scalar continuum damage model (tensile induced damage and compression 

induced damage) is implemented in Parmac3D [5]. This code uses the algorithm proposed in 

[6] that sets the characteristic length given the type of element, the integration order and the 

cracking surface trajectory within the element interior, guaranteeing the solution objectivity. 

A damage model which allows damage only at the joint interface elements is also 

implemented. This model (discrete crack modelling) follows the bilinear damage model 

developed for particle fracture studies [7].  
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Given that both computer codes, PAT and Parmac3D, use 20-node 2nd order brick elements, it 

was necessary to adapt the concrete arch dam finite element mesh given as input by the 

organizing committee. The arch dam finite element mesh follows closely the given input node 

coordinates. In order to ease the generation process, the foundation finite element mesh was 

totally redefined. 

Firstly, a thermal transient analysis was carried out with the computer program PAT. The 

maximum temperature and the minimum temperature that occur within the dam body were 

obtained and were afterwards used in the mechanical model. Secondly, a linear mechanical 

analysis including the gravity load, the hydrostatic pressure and the extreme temperature 

variations was carried out. Thirdly, a nonlinear model was considered at the dam foundation 

interface in order to better simulate the actual dam/foundation contact surface. Fourthly, 

nonlinear analyses were carried out with the continuum damage model and with the discrete 

crack model, taking into account the nonlinear dam/foundation interface behaviour. 

This paper presents and discusses the results of both thermal and mechanical analyses. 

2 Numerical Model 

2.1 Initial considerations 

Figure 1 shows the mesh that was used for both thermal and mechanical analyses. The dam 

foundation is extended around 75.0 m towards upstream and towards downstream and is 

extended laterally around 25.0 m towards both banks. The thermal model has 4188 2nd order 

20-node brick finite elements, 1304 representing the dam body and 2884 representing the 

foundation, corresponding to a total number of 21903 nodal points. In the mechanical model a 

dam/foundation joint interface is included using 234 2nd order 8-node joint interface elements. 

  
a) 2nd order 20-node brick isoparametric elements representing the dam and the foundation 

 
b) 2nd order 8-node joint interface finite elements representing the dam/foundation interface 

 
c) 8-node plane elements representing the reinforcement contribution in a smeared way 

Figure 1: Finite element mesh for thermal and mechanical analyses. 

 

As shown in Figure 1, four brick elements were used throughout the dam thickness. In the 

nonlinear continuum damage analysis, 235 8-node plane elements were adopted at the 
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upstream and downstream dam faces, representing the reinforcement contribution in a 

smeared way. Another nonlinear model (discrete cracking) was also used, in which each brick 

element representing the dam body interacts with the neighboring bricks through 8-node joint 

interface elements (3318 joint interface elements). The nonlinear discrete crack model had a 

total of 45199 nodes. This model was studied with and without reinforcement representation. 

2.2 Material properties and boundary conditions 

The material properties considered for both thermal and mechanical analyses are those 

predefined in the benchmark, with the exception of the concrete fracture energy which had to 

be defined. A tensile fracture energy of 600 Nm/m2 was considered in the initial calculations 

given that the reinforcement was not taken into consideration. This is higher than that usually 

used for dam concrete (150 to 300 Nm/m2), in order to slightly increase the ductile behaviour 

of the dam body and to take into account the possible steel tensile stiffness effect at the dam 

faces. In the later calculations the reinforcement was modelled following a smeared approach, 

and a lower fracture energy was adopted (200 Nm/m2). 

In the thermal analysis the Dirichlet boundary conditions (concrete/water and 

foundation/water) and the Robin boundary conditions (concrete/air and rock/air interfaces) 

were adopted. In the mechanical analysis the nodal displacements at the lateral boundaries of 

the foundation and at the base of the foundation were prevented. 

2.3 Calculation procedure 

The thermal analysis started with the initial reference temperature of 4ºC, followed by a 

transient analysis from the initial state along the warmest year and then throughout the coldest 

year. A fully implicit solution procedure was used with a one hour time step.  

In the mechanical analysis the gravity loading (GL) and hydrostatic pressure (HP) were 

applied in 10 load increments to take into account the nonlinear effects. The maximum 

temperature and the minimum temperature gradients from the 4ºC reference temperature were 

also applied in 10 load increments. A dynamic relaxation algorithm using an explicit central 

difference scheme was applied at each load step. 

3 Main results 

3.1 Thermal modelling 

The annual air and water temperatures used in thermal analysis follow the combination of 

warm to cold year given as input. The initial temperature was assumed as 𝑡𝑜 = 4ºC, evenly 

distributed within the whole structure. Figure 2 shows the temperature distribution at the 

central section for the warmest and coldest day, respectively. 

  
(a) Warm year (b) Cold year 

Figure 2: Thermal analysis numerical results at the central cantilever.  

[ºC] [ºC]

109



In order to validate the results obtained, the 1D analytical solution presented in Appendix A 

was used. To this aim, each peak of the air and water temperatures during the cold and warm 

weather was approximated by a cosine curve of the type: 

 

𝑇(𝑥, 𝑡) = 𝑇𝑚 − 𝑇𝑜 cos [
2𝜋

365
(𝑡 − 𝑡𝑜)] (1) 

 

where 𝑡  is the time, in days, since the beginning of the year, 𝑇𝑚  is the average annual 

temperature, 𝑇𝑜  is the annual wave’s semi-amplitude and 𝑡𝑜  is the annual wave’s phase. 

Figure 4 shows the cosine curves adopted for each peak of air and water temperature, where 

𝑥 = 0 represents the upstream face and 𝑥 = 𝐿 represents the downstream face. 

 

 
Figure 3: Air and water temperature approximations for analytical solution. 

Applying equation A9 (see Appendix A) to the sinusoidal variation of the air and water 

temperatures, and a linear variation between the average annual temperatures of both faces of 

the dam, the temperature across the thickness was computed for each period. In the 

downstream face, the virtual thickness given by equation A10 (see Appendix A) was added to 

considerate the convective boundary condition. Figure 4 shows the comparison of the 1D 

analytical solution with the finite element transient model results, for the central section at 

14 m below the crest, for different days of the year during a warm and a cold year.  

  
(a) Warm year (b) Cold year 

Figure 4: Comparison of the 1D analytical solution with the FEM results. 
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3.2 Mechanical modelling 

Figure 5 shows the principal maximum stresses (I) at the upstream and downstream dam 

faces, for the gravity and reservoir water loading, adopting a linear elastic model for the brick 

elements and dam/foundation joint interfaces. It can be seen that this hypothesis leads to 

significantly high maximum principal stress values (5.84 MPa) at the upstream face, much 

higher than the reference maximum tensile strength (2.9 MPa). For this reason, a nonlinear 

model was adopted for the dam/foundation interface, which does not allow tensile forces and 

follows an elastic behaviour in the shear direction. This model is expected to better simulate 

the actual dam/foundation interface given its geometry and boundary conditions.  

 

 

 
[MPa] 

a) Upstream face 

 
b) Downstream face 

Figure 5: Principal maximum stress (I) at the dam faces – GL and HP Loading – Elastic 

model. 

Figure 6 shows the principal maximum stress (I) at the upstream and downstream dam faces, 

for the gravity and reservoir water loading, adopting the nonlinear model at the 

dam/foundation interface. It can be seen that this nonlinear model leads to a reduction in the 

maximum principal stress values, which are now within the maximum tensile strength 

indicated value (2.9 MPa). Nevertheless, the numerical model clearly indicates that cracking 

may occur even for gravity and reservoir water loading. As under the gravity and reservoir 

water loads an arch dam should develop essentially compressive stresses, it  indicates that 

either the real dam/foundation condition has not been properly modelled, or that dam design 

allowing some degree of cracking is different from the current practice, as mentioned for 

example in [8]. 

 

 

 
[MPa] 

a) Upstream face 

 
b) Downstream face 

Figure 6: Principal maximum stress (I) at the dam faces – GL and HP static loading – 

Nonlinear Interface only. 
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Figure 7 shows the principal maximum stress (I) at the upstream and downstream dam faces, 

for the gravity and reservoir water loading and winter temperature gradients, adopting the 

nonlinear interface model. It can be seen that maximum tensile stresses (10.32 MPa) occur at 

the downstream face and are significantly higher than the tensile strength reference value 

(2.9 MPa). This clearly indicates that cracking will occur at the downstream face for the 

extreme low temperature condition.  

 

 

 
[MPa] 

a) Upstream face 

 
b) Downstream face 

Figure 7: Principal maximum stress (I) at the dam faces – GL and HP + Winter temperature – 

Nonlinear Interface behaviour. 

 

Figure 8 shows the displacement of the central section in the downstream-upstream direction 

for the three used loading conditions (gravity and reservoir water loading, gravity and 

reservoir water loading + Winter Temperature and  gravity and reservoir water  loading + 

Summer Temperature) and for each of the numerical models that were analyzed: i) linear 

elastic model, ii) nonlinear dam/foundation interface model, iii) continuum nonlinear two 

scalar damage model with nonlinear dam/foundation interface and smeared reinforcement 

mesh and iv) discrete crack model adopting nonlinear interfaces at the dam body, following a 

bilinear softening model, with and without reinforcement.  

From Figure 8 it is possible to identify the different behaviour between the perfect linear 

elastic model (Figure 8 a) and the nonlinear dam/foundation interface model (Figure 8 b). The 

latter model leads to an increase in the central displacement, since the dam behaviour changes 

from a cantilever load distribution towards an arch load distribution. Figure 8 also shows that 

during summer the temperature gradient displacements are towards upstream, in an opposite 

direction to the gravity and reservoir water loading displacement field. During winter, the 

stress/displacement field further increases the stress/displacement field due to the gravity and 

reservoir water loading.  

Figure 8 c) to Figure 8 e) show that both the continuum damage model and the discrete crack 

model predict failure at approximately mid-height of the dam, see also Figure 9 and Figure 

10. By comparison of Figure 8 d) and Figure 8 e), it is noteworthy that the artifice used to 

simulate the presence of steel by increasing the fracture energy increases the ductility of the 

arch dam response. Figure 8 f) shows that the reinforcement consideration leads to an increase 

in the arch dam response ductility and to a less localized failure.  
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a) Linear analysis - Linear elastic model 

 

b) Linear analysis - Nonlinear dam foundation 

interface model 

 

  
c) Continuum nonlinear two scalar damage model with 

smeared reinforcement,  Gf=600Nm/m2 

d) Discrete crack model bilinear softening at the dam 

body interfaces without reinforcement, Gf=600Nm/m2 

 

  
e) Discrete crack model, bilinear softening at the dam 

body interfaces, without reinforcement, Gf=200Nm/m2 

f) Discrete crack model, bilinear softening at the dam 

body interfaces, with smeared reinforcement, 

Gf=200Nm/m2 

 

Figure 8: Displacement of the central arch dam section in the downstream-upstream direction 

for the adopted loading conditions. 

 

Figure 9 and Figure 10 show the positive tensile damage distribution (D+) at the upstream and 

downstream dam faces, obtained using the continuum nonlinear model, for the gravity and 

reservoir water loading and for the gravity and reservoir water loading and winter temperature 

conditions. It can be seen that, even for the gravity and reservoir water loading, a positive 

damage value of 1.0 is reached at the downstream face, approximately at elevation 16 m. 
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Figure 10 shows that the continuum model predicts extensive cracking at the downstream face 

for winter conditions. 

 

 

 
 

a) Upstream face 

 
 b) Downstream face 

Figure 9: Positive tensile damage distribution (D+) at the upstream and downstream dam 

faces – GL and HP static. 

 

 

 
 

a) Upstream face 

 
b) Downstream face 

Figure 10: Positive tensile damage distribution (D+) at the upstream and downstream dam 

faces – GL and HP static + Winter temperature gradient loading. 

Figure 11 presents the tensile damage distribution and the crack width distribution for the 

discrete crack model, obtained considering gravity and reservoir water loading and winter 

temperature conditions. Comparison between Figure 10 b) and Figure 11 a) shows that the 

discrete crack model predicts a more localized crack pattern. Figure 11 b) shows the obtained 

crack width distribution with a maximum value of 14.2 mm at the downstream face of the 

dam at elevation 14.5 m. The same model predicts a maximum crack width of 4.8 mm for the 

gravity and reservoir water loading, and 2.22 mm for the gravity, reservoir water and summer 

temperature conditions. 

In order to compare both models, it is noteworthy to mention that the nonlinear continuum 

model predicts a maximum crack width of 29.0 mm for gravity, reservoir water and winter 

temperature conditions and a maximum crack width of 9.0 mm for the gravity and reservoir 

water loading only. It should be highlighted that for this model the crack width is not as 

reliable as that obtained with the discrete crack model. 

Considering a discrete model with a fracture energy within the known value for dam concrete 

(Gf=200 Nm/m2), and a smeared reinforcement model at the dam faces (Figure 12), the crack 

pattern is less concentrated and the maximum crack width has a lower value. This is due to 

the reinforcement modelling, that enables tensile stresses distribution and restrains the 

114



cracking width. The model predicts a maximum crack width of 0.01 mm for the gravity and 

reservoir water loading and for the gravity, reservoir water and summer temperature 

conditions. 

 

 
a) Tensile damage distribution  

 

 
[mm] 

b) Crack width  

Figure 11: Discrete crack model tensile damage distribution and crack width distribution at 

the downstream dam face – GL and HP static + Winter temperature gradient loading (without 

reinforcement, Gf=600Nm/m2). 

 

 

  
a) Tensile damage distribution  

 
 

[mm] 

b) Crack width  

Figure 12: Discrete crack model tensile damage distribution and crack width distribution at 

the downstream dam face – GL and HP static + Winter temperature gradient loading (with 

reinforcement, Gf=200Nm/m2). 
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4 Conclusions 

The concrete arch dam was numerically studied with thermal and mechanical computer codes 

purposely developed by the authors for dam analysis. The numerical results show that the 

dam/foundation interface boundary condition should be modelled as accurately as possible. A 

nonlinear zero tensile strength with elastic shear model was adopted, but the obtained stress 

distribution still shows high tensile stresses, which may indicate that the dam/foundation 

contact surface is still not modelled accurately enough. The dam/foundation behaviour is 

relevant as it controls how the dam behaves. 

The linear elastic analysis and the elastic analysis with the nonlinear dam/foundation interface 

clearly show that for the given conditions the dam body may crack for gravity and reservoir 

water loading, and that the crack occurs in larger areas for gravity and reservoir water loading 

and winter conditions. Note that the nonlinear dam/foundation interface model predicts 

maximum tensile stresses of around 10.0 MPa at the downstream face. 

All the nonlinear analysis that were carried out predict failure at a given elevation of the 

downstream face. The nonlinear two scalar continuum damage model predicts higher cracking 

and positive damage distributions areas than the discrete nonlinear crack model. In the 

continuum model, the smeared reinforcement model does not have a significant influence on 

the final behaviour, which may be due to the high fracture energy value adopted. For the 

discrete crack model, it is shown that the reinforcement consideration reduces the maximum 

crack width and leads to a less localized crack pattern. 

In order to assess more accurately the nonlinear response, given the extension of cracking that 

both nonlinear models predicted, finer mesh discretizations should have been used.  
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Appendix A: One-dimensional heat conduction through a plane 

slab with periodic boundary conditions 

Consider the one-dimensional heat transfer through a plane slab with thickness 𝐿, constant thermal diffusivity ℎ2 

and uniform initial temperature 𝑇𝑖  with the boundary conditions given by: 

 

Case 1: 𝑇(0, 𝑡) = 𝑇𝑜 sin (
2𝜋

𝑃
𝑡) and 𝑇(𝐿, 𝑡) = 0  

 

Figure A.1: One dimensional heat conduction through a plane slab with periodic boundary conditions 

If the surface oscillation of temperature 𝑇(0, 𝑡) has been going on for so long that the steady periodic conditions 

are stablished and the influence of the initial temperature has disappeared, temperature development through the 

thickness of the panel at time 𝑡 can be calculated based on the Puppini’s formula [9] or its rearranged form given 

by [10]: 

𝑇(𝑥, 𝑡) =  𝑇𝑜 [𝐴𝑥  cos (
2𝜋

𝑃
) − 𝐵𝑥  sin (

2𝜋

𝑃
)] (A1) 

with: 

𝐴𝑥 =  −2𝑀 sinh 𝑧  cos 𝑧 −  2 𝑁 cosh 𝑧 sin 𝑧  + 𝑒𝑧 cos 𝑧 (A2) 

𝐵𝑥 =  2𝑀 cosh 𝑧 sin 𝑧 −  2 𝑁 sinh 𝑧  cos 𝑧  − 𝑒𝑧 sin 𝑧 (A3) 

and: 

𝑀 =  
𝑒2𝑧𝑜  −  cos 2𝑧𝑜

2(cosh 2𝑧𝑜  −  cos 2𝑧𝑜)
 (A4) 

𝑁 =  
sin 2𝑧𝑜

2(cosh 2𝑧𝑜  −  cos 2𝑧𝑜)
 (A5) 

𝑧𝑜  =  √
𝜋

𝑃 ℎ2
 𝐿 (A6) 

𝑧 =  √
𝜋

𝑃 ℎ2
 𝑥 (A7) 

Case 2: 𝑇(0, 𝑡) = −𝑇𝑜 cos (
2𝜋

𝑃
𝑡) and 𝑇(𝐿, 𝑡) = 0  

In this case the solution becomes: 

𝑇(𝑥, 𝑡) =  −𝑇𝑜 [𝐴𝑥  cos (
2𝜋

𝑃
) + 𝐵𝑥  sin (

2𝜋

𝑃
)] (A8) 

 

Case 3: 𝑇(0, 𝑡) = −𝑇𝑜 cos [
2𝜋

𝑃
 (𝑡 − 𝑡𝑜)] and 𝑇(𝐿, 𝑡) = 0  

From the cases 1 and 2 and using the trigonometric identity cos(𝑥 + 𝑦) = cos(𝑥) cos(𝑦) − sin(𝑥) sin(𝑦), the 

solution becomes: 

𝑇(𝑥, 𝑡) =  −𝑇𝑜 {cos (
2𝜋𝑡𝑜

𝑃
) [𝐴𝑥  cos (

2𝜋𝑡

𝑃
) + 𝐵𝑥 sin (

2𝜋𝑡

𝑃
)]

+ sin (
2𝜋𝑡𝑜

𝑃
) [𝐴𝑥  sin (

2𝜋𝑡

𝑃
) − 𝐵𝑥 cos (

2𝜋𝑡

𝑃
)]}  

(A9) 

 

The convective boundary condition of the downstream face can be represented by adding to the thickness of the 

dam a virtual thickness 𝑑 on the downstream surface. The virtual thickness was obtained as [11]:  

𝑑 = 𝑘/ℎ𝑐 (A10) 

 

where 𝑘 is the concrete thermal conductivity and ℎ𝑐 is the downstream convective heat coefficient. 

0
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FE analyses with a 3D non-linear material model for concrete 
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ABSTRACT: Thermal cracking of a concrete arch dam is assessed through non-linear finite element 
analyses (NLFEA). A recently developed non-linear material model for concrete and embedded 
reinforcement elements are used for this purpose. Transient thermal analyses are performed to establish 
temperature distributions for the subsequent mechanical analysis. The main focus of the study has been 
to evaluate deformations of the structure. It is found that the use of non-linear material models have 
significant impact on the results from the analyses; the predicted maximum deformation in the middle 
part of the dam increases by 58% for January, which is found to be the most critical month both with 
respect to stresses and deformations. The results presented herein demonstrate that the use of a full 3D 
non-linear material model for concrete contribute to increase the physical understanding of the structural 
response. Even though a non-linear analysis of this type is more costly than a linear FE analysis (LFEA), 
today’s computer hardware makes it possible for the engineer to perform a full NLFEA within 
reasonable time. 

1 Introduction 
Thermal cracking of concrete dams is a common challenge in Northern countries where large 
temperature differences between winter and summer months occur. This paper addresses the 
response of a typical concrete arch dam in a workshop case prepared for the “14th ICOLD 
International Benchmark Workshop on Numerical Analysis of Dams” [1]. The arch dam was 
analyzed with both linear and non-linear material models for concrete and with contact elements 
in the interface between dam and rock. Transient thermal analyses were used to generate 
temperature distributions over a period of two years. Further, these were included in subsequent 
mechanical analysis to assess the response of the structure due to effects of gravity loads, water 
pressure and enforced deformations due to temperature variations. 
 

2 Analysis methodology 
The FE analyses, including both linear and non-linear material models, were performed 
according to the flow chart in Figure 1. Presumptions and results for the thermal and structural 
analyses, are presented in Sections 3 to 5, respectively. Ambient temperatures for water and air 
over a period of two years were used in the transient, thermal analyses, see Figure 2. Note that 
no results for the configuration in Figure 2b are reported herein. 
 
The loads were applied in three main steps in the FE analysis. Step 1: Self weight of the dam 
structure, step 2: Water pressure, and step 3: Thermal loads based on temperature fields from 
the thermal analysis. The third step contained several temperature configurations, see Figure 2, 
and a response time of 27 months was simulated. The hydrostatic water pressure on concrete 
and rock that was applied in step 2, is illustrated in Figure 3. The water level was presumed 
constant at the level of the crest in all analyses. 
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Figure 1: FE analysis flow chart. 

 

   

a) A cold year followed by a warm year b) A warm year followed by a cold year 

Figure 2: Ambient temperatures for air and water.  

 

 

Figure 3: Water pressure distribution corresponding to water level at the crest [MPa]. 

3 FE model 
The FE model of the dam was established in the general purpose FE software Ansys [2]. Ver. 
18.0 was used for all analyses – both in Ansys Workbench and in Ansys APDL. The complete 
FE model, including both rock and concrete, is shown in Figure 4. The model consist of a mesh 
of eight-noded hexahedral elements for the dam and four-noded tetrahedral elements for the 
rock. For more detailed description of the elements used in the analyses, see Section 3.1. 

Transient thermal analysis
Ansys Workbench, ref. chap. 4

- Warm year followed by cold year

- Cold year followed by warm year

LFEA: Structural analysis
Ansys Workbench, ref. Section 5.1

- Linear material models

- Non-linear contact between rock and concrete

- Gravity loads, water pressure and temperature
distributions from thermal analysis

NLFEA: Structural analysis
Ansys APDL, ref. Section 5.2

- Non-linear material model for concrete and reinforcement

- Non-linear contact between rock and concrete

- Gravity loads, water pressure and temperature
distributions from thermal analysis
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Figure 4: FE model of concrete arch dam and surrounding rock volume.                    

3.1 Elements 
It was considered important to achieve a regular and compatible mesh of hexahedral elements 
for the concrete arch in the structural analysis of the dam. The dam mesh is shown in Figure 5. 
Note that in the NLFEA, the non-linear material model for concrete was applied on the arch 
part of the dam only. A linear material model was used for abutment and spillway. Four 
elements through the thickness of the dam has been used. Further details on the mesh for the 
thermal and structural analysis are given in Tables 1 and 2, respectively. 

 

 
Figure 5: FE mesh of concrete elements. 

 
 

Table 1: Mesh details – Thermal analysis. 

Model component Element type No. of elements 
Rock Four-noded tetrahedral 113 766 
Concrete – Linear part  Eight-noded hexahedral 36 367 
Concrete – Non-linear part Eight-noded hexahedral 22 144 
Contact elements Four-noded surface-to-

surface contact element 
5 624 

Target elements Four-noded target element 5 624 
Surface elements Four-noded thermal 

surface element 
23 770 
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Table 2: Mesh details – Structural analysis. 

Model component Element type No. of elements 
Rock Four-noded tetrahedral 113 766 
Concrete – Linear part  Eight-noded hexahedral 

with enhanced strain 
formulation [4] 

36 367 

Concrete – Non-linear 
part 

Eight-noded hexahedral 
with enhanced strain 
formulation [4] 

22 144 

Reinforcement elements Embedded reinforcement 11 072* 
Contact elements Four-noded surface-to-

surface contact element 
5 624 

Target elements Four-noded target element 5 624 
Surface elements Four-noded surface element 

for load application 
8 794 

*  Embedded in eight-noded hexahedral elements. 5 536 on each face with two 
reinforcement layers upstream and three downstream   

 

3.2 Material data 
The concrete material properties for the dam and spillway corresponds to concrete strength 
class C30/37, see Table 3. 
 

Table 3: Material properties – Concrete. 

Material parameter Value Unit 
Modulus of elasticity 33 GPa 
Poisson’s ratio  0.2    - 
Density 2 300 kg/m3 
Compressive strength 38 MPa 
Thermal expansion 10-5 K-1 

Thermal conductivity 2 W/(m K) 
Stress/strain free temperature 4 ⁰C 
Specific heat capacity 900 J/(kg K) 

 
The reinforcement correspond to KS 40, according to an expired Swedish standard, with mean 
material parameters according to Table 4. 

Table 4: Material properties – Reinforcement. 

Material parameters Value Unit 
Modulus of elasticity 200 GPa 
Poisson’s ratio  0.3    - 
Density 7 800 kg/m3 
Yield stress 360 MPa 
Ultimate strength 600 MPa 
Ultimate strain 0.15    - 
Thermal expansion coefficient 10-5 K-1 

Stress/strain free temperature 4 ⁰C 
 
The rock material was considered linear elastic and free of weakness zones, fractures, etc. The 
material properties are given in Table 5.  
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Table 5: Material properties – Rock. 

Material parameters Value Unit 
Modulus of elasticity 40 GPa 
Poisson’s ratio  0.15    - 
Density 2 700 kg/m3 
Thermal conductivity 3 W/(m K) 
Stress/strain free temperature 4 ⁰C 
Specific heat capacity 850 J/(kg K) 

3.3 Non-linear concrete material model 
In the NLFEA, a three-dimensional material model, with smeared, fixed, non-orthogonal 
cracking was used for the concrete. The material model was based on the work of Kotsovos 
[3,4], and the version that was used is fully described elsewhere [5]. The material model 
requires only one input parameter, the compressive strength of concrete. The non-linear 
material response for concrete subjected to a uniaxial stress state is shown for compressive 
stress states with 5% and 10% confining pressure in Figure 6a. Based on the three-dimensional 
fracture criterion used in the material model, the uniaxial tensile strength can be derived to be 
fct = 2.4 MPa, and the uniaxial tensile behavior is shown in Figure 6b. 

  
a) Compression b) Tension 

Figure 6: Stress-strain curves for concrete C30/C37. 

3.4 Convective heat transfer properties 
The convective heat transfer coefficients, given in Table 6, were used in the transient thermal 
analyses. 
 

Table 6: Convective heat transfer coefficients in the thermal analyses. 

Region Value [W/(m2K)] 
Downstream surface of the arch dam – air 40 
Concrete – air   0.15 
Concrete – water  2 700 
Concrete – rock  3 
Rock – air 4 
Rock – water  850 
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3.5 Reinforcement system 
In the NLFEA, reinforcement was included in the arched part of the dam, see the part with grey 
color in Figure 5. The reinforcement system is illustrated in Figure 7. 
 

 

 

a) Horizontal section showing system [1] b) System implemented in FE model 

Figure 7: Reinforcement system.  

 

3.6 Boundary conditions 
The bottom face and vertical faces of the rock volume were modelled as fixed. The interface 
between the dam and rock was modelled with contact elements. The contact behavior was set 
to “rough”. This means that uplift was permitted, and for regions that were in contact, sliding 
was prevented. 

 

4 Results from non-linear transient thermal analyses 
The thermal analyses were conducted in Ansys Workbench [2]. Ambient temperatures and 
convective heat transfer coefficients were defined for different surfaces, see Section 3.4. The 
resulting temperature field distributions as a function of time were input to the structural 
analyses. Based on the temperature curves in Figure 2 and the material parameters presented in 
Sections 3.2 and 3.4, a transient thermal analysis was performed. Results from the coldest 
month, January, and the warmest month, July, are given in Figures 8 and 9, respectively. 
 

  
a) January b) July 

Figure 8: Temperature distributions for the complete FE model. 
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a) January b) July 

Figure 9: Temperature distributions across the midsection of the dam. 

 

5 Results from structural analyses 
Structural analyses were performed with both linear material, see Section 5.1, and non-linear 
materials for concrete and reinforcement, see Section 5.2. The loads were applied similarly in 
both analyses, as described in Section 2. Further, all analyses were performed with non-linear 
geometrical effects included. For the analyses with linear material models, it was found that the 
use of non-linear geometry in the solution algorithm did not alter the results significantly. 
 

5.1 Linear material models 
Results from the extreme months are presented in Figures 10 and 11. Note that the maximum 
crest deformation in global x-direction for gravity loads and water pressure, i.e. a case excluding 
temperature, was 30 mm on the crest of the dam in the LFEA. This value increased to 64 mm 
for January and decreased to 8 mm in July. 
 

  
a) January b) July 

Figure 10: LFEA deformation in x-direction [mm]. Scale 200:1. 

Both deformations and maximum principal stresses are significantly higher for January 
compared to July. Thus, based on the LFEA, it was expected that the stresses in concrete and 
reinforcement and the degree of cracking is higher in the winter months. It was also expected 
that large areas of the downstream face will be cracking in January according to Figure 11 a). 
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a) January b) July 

Figure 11: LFEA maximum principal stresses exceeding concrete tension capacity fct = 2.4 
MPa. [MPa]. 

5.2 Non-linear material models 
Results from the extreme months are given in Figures 12 and 13. Note that the maximum crest 
deformation in global x-direction for gravity loads and water pressure, i.e. case excluding 
temperature, was 31 mm on the crest of the dam in the NLFEA. This value increased to 75 mm 
for January and decreased to 9 mm in July.  
 

 
a) January b) July 

Figure 12: NLFEA deformation in x-direction [mm]. Scale 200:1. 

 

 
 

a) Gravity loads and water pressure without 
temperature 

b) Close-up on lower left corner 

  
c) January d) July 

Figure 13: Cracks on downstream face. 
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Crack patterns for the downstream face are illustrated in Figure 13. Note the prevalence of 
extensive horizontal cracks in the middle part of the dam. 

5.3 Comparison LFEA vs. NLFEA 
Deformation results for different paths on the dam structure are summarized in Figure 14. The 
deformations vary between the LFEA and NLFEA, especially for the horizontal midsection, 
i.e. path A-1 to A-2. Here the maximum deformation values increase with 58 % for January, 42 
% for July and with 19 % for the case without temperature, i.e. the case NLstat in the figure. 
 

     
a) Paths on the dam structure b) Path C1 – C2 

    
c) Path A1 – A2 d) Path B1 – B2 

Figure 14: Deformation in global x-direction. Notations: NL = NLFEA, L = LFEA. 

 
For the NLFEA the stresses in reinforcement increase substantially for January and decreases 
for July compared to the configuration without temperature, in particular for the vertical 
reinforcement layers on the downstream face. This shows the importance of evaluating 
temperature loads in the design of dams. 
 
The predicted gap in the interface between dam and rock for January is shown in Figure 15 for 
LFEA and NLFEA, respectively. Two aspects should be noticed: i) the maximum gap predicted 
with the LFEA, 7.3 mm, is significantly less compared to the NLFEA, 18.8 mm and ii) the 
contact status for the NLFEA is much smoother than for the LFEA. This can be explained by 
the fact that the linear concrete material model in the LFEA has infinitely large capacity both 
in  compression and tension. Due to geometry of the contact surface, the dam will have a 
tendency to settle on hard points on the rock. Thus, the use of non-linear material models can 
likely improve solution convergence in models where contact is introduced.  
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a) LFEA b) NLFEA 

Figure 15: Gap between dam and rock in January [mm]. 

6 Conclusions 
The importance of using a non-linear material model for concrete when evaluating deformations 
of dams has been demonstrated in this paper. Substantial difference in deformation predictions 
from a LFEA to a NLFEA has been illustrated. This was especially pronounced in temperature 
cases for the horizontal midsection of the dam, where an increase of maximum deformation of 
58% was calculated for the coldest month. Extensive prevalence of horizontal cracking was 
observed in the middle part of the dam on the downstream side in the NLFEA. In simple terms, 
this resulted in increased flexibility of the FE model which further led to increased 
deformations. Maximum principal stress plots of stresses above the tension capacity of 
concrete, fct, from the LFEA were good predictors for occurrence of cracked regions in the 
NLFEA. The thermal cracking of concrete was shown to be extensive on the downstream side 
of the dam.  
 
The work with transient thermal analyses and NLFEA of the dam, is an example of the complex 
analyses the engineer can perform on large concrete structures of today. The analysis time for 
the NLFEA was approximately 2 hours with a typical hardware configuration  available for a 
structural engineer these days. Hardware and analysis time were in other words not limiting 
factors for the analysis work. 
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Abstract: The paper refers to the identification of areas with the maximum risk of cracking in the body of an 
arch dam located in a very cold climate zone with height temperature variation. The dam body concrete is 
provided with reinforcements at upstream and downstream faces which were equated making the weighted 
average of the gravitational and mechanical characteristics of the concrete and steel in the shells detached from 
the dam body to the two faces. The thermal analyses are performed in transient hypothesis for the warmest and 
coldest months of the year. A sequence of two years was considered starting with cold season (September). The 
dam body stress state were computed taking into account 4oC, reference temperature given by formulator. The 
mechanical analyses were performed in linear elastic and nonlinear concrete brittle cracking in tension and 
stiffness degradation in compression. The rock foundation was considered as linear elastic. 
 
1. Introduction 

The concrete arch dam selected by formulator is about 40 m maximum height and has a crest 
length of about 170 m, with a radius of 100 m. Dam’s central section profile has 2.60 m 
thickness at crest and 5.00 m thickness at base. A general view of the arch dam model is 
presented in Figure 1 [1]. 

 
Figure 1: General view of the arch dam model. 

 
The dam in provided with reinforcements at both upstream and downstream faces. In order to 
have an unitary finite element mesh the shells reinforced were detached from the dam body an 
equated making the weighted average of the gravitational and mechanical characteristics of 
the concrete and steel (Fig.2). 
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Figure 2. Sections of equating zone with upstream and downstream reinforcements. 
Finally, the two shells, dam core and foundation were meshed with 4-node linear tetrahedron 
elements C3D4T and assembled together. Number of nodes and elements in FEM mesh are 
shown in Table 1. 

 
The thermal analyses were carried out in transient hypothesis for the warmest (July) and 
coldest (January) months of the year. 
Figure 3 shows the combination of input data taken into account in transient analysis. The 
intervals between two adjacent months were divided in three segments (ten days each of 
them) in order to obtain a better evaluation of the dam’s body temperatures. The analysis was 
carried out on Laptop ASUS, i7 16GB RAM. The time of running for a sequence of two years 
(fig.3) was 36 hours. 

 
Figure 3.Combination of input data for cold and warm year in transient analysis. 

 
The stress-strain state in the dam body was evaluated with relation (1) taking into account a 
calculus temperature (Tc) as follows: [2], [3] 
      Tc=T-Tr     (1) 

where T is dam body temperature and Tr is reference temperature (stress-strain free 
temperature). 
The reference temperature (Tr) considered in analyses was 4oC, given by formulator. 
The mechanical analyses were carried out in linear elastic and nonlinear concrete brittle 
cracking in tension and stiffness degradation in compression. The rock foundation was 
considered as linear behavior. The rock foundation was considered having linear elastic 
behavior. All computations were performed running ABAQUS software [4]. 
 
2. FEM mesh and input data 

Some date concerning FEM mesh was already presented in introduction. Figure 4 shows the 
shape of the finite element C3D4T from ABAQUS used in the meshing of the unitary dam-
foundation system. 
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Figure 4.Shape of C3D4T finite element used in the meshing 

 the  dam-foundation unitary system. 
 
The material characteristics as were given by formulator and used in analyses are shown in 
Table 2 

Table 2 
Property Concrete Reinforcement Rock 

Value Unit Value Unit Value Unit 
E-modulus  33 GPa 200 GPa 40 GPa 
Poisson’s ratio 0.2 - 0.3 - 0.15 - 
Density 2300 kg/m3 7800 kg/m3 2700 kg/m3 
Compressive strength 38 MPa - - - - 
Tensile strength 2.9 Mpa - - - - 
Thermal expansion 1e-5 K-1 1e-5 K-1 1e-5 K-1 
Thermal conductivity 2 W/(m*K) 39 W/(m*K) 3 W/(m*K) 
Stress/strain free temperature 
(reference temperature) 4 oC 4 oC 4 oC 

Specific heat capacity 900 J/(kg*K) 450 J/(kg*K) 850 J/(kg*K) 
 
Boundary conditions were applied at the limits of the foundation, as follows: on bottom was 
blocked  Z (vertical direction) displacement, on faces upstream – downstream were blocked X 
displacement and on faces right bank – left bank Y displacement. 
Between dam base and foundation there is a direct contact without connection elements, both 
dam and foundation being meshed with same type of element. Some nodes from dam base 
and foundation are direct connected having the same coordinates, others are connected by 
ABAQUS software 
The mechanical analyses were carried out for the following loads and loads combination: 

- Gravity load (GL); 
- Hydrostatic water pressure with free water level corresponding to dam crest (HP); 
- Temperature variation for warmest (July) and coldest (January) months of  year (T); 
- GL + HP + T for July and January months. 

 
3. Results 
 

Some of the significant results obtained in solving Theme A are presented and commented in 
the followings. 

Figure 5 illustrates the dam body variations computed by transient analysis for the warmest 
month (July) and coldest month (January) of the year. In Table 3 are given the environment 
temperatures acting on dam’s faces. It may remarks the temperatures are constant on both 

upstream and downstream faces of the dam. This simplified modeling of the natural 
temperature leads to a gradually distribution of the dam’s body contour lines without islands. 
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Figure 5. Contour lines of the dam body temperature variations in July (left) and  
January (right) computed as transient. 

 
         Table 3 

 
Month 

Downstream 
face 
0C 

Upstream 
 face 

0C 

Crest 
0C 

Rock 
Foundation 

January -25.8 0 -25.8 4 
July 19.7 13.8 19.7 4 

 

 

 
Figure 5. Linear elastic analysis. Contour lines of X displacements at dam downstream 

face from GL + HP + T in January (upper) and July (down)  
 

The contour lines of the upstream – downstream displacements produced by GL + HP + 
T at dam downstream face highlight that in both seasons (coldest and warmest) the 
maximum displacements appear in the crest central zone reaching 5.5 cm to downstream 
in January and 4.6 cm to upstream in July (Fig.5). 
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Figure 6. Linear elastic analysis. Contour lines of S33 (vertical stresses) in dam central 

cross section from GL + HP + T  in July (left) and January (right) 
 

The vertical stresses in dam central cross section are tension at downstream toe due to 
GL + HP +T in July reaching 12.9 MPa and, respectively at upstream toe due to GL + HP 
+T in January with 4.6 MPa (Fig.6). This means that during summer time this dam will 
crack at downstream toe and at upstream toe during winter time. In practice many arch 
dams have cracks at upstream toe at the contact with foundation, cracks produced during 
cold season. 

 

 
 

Figure 7. Linear elastic analysis. Contour lines of S Min. Principal at dam downstream 
face from GL + HP + T in January (upper) and July (down) . 

 
The contour lines of the S Min. Principal stresses produced by GL + HP + T at dam 
downstream face highlight that in both seasons (coldest and warmest) the maximum 
stresses appear in the foundation zone reaching 2.14 MPa tension in January and 13.4 
MPa  compression in July (Fig.7). During July time some tensile stresses reaching 28.63 
MPa appear along of the dam crest zone. This area has risk of cracks on vertical direction 
(2.9 MPa). S Min. Principal stresses directions are horizontal or slightly descending, 
causing vertical or inclined cracks.   
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Figure 8. Linear elastic analysis. Contour lines with the areas which are exceeding the 
tensile stresses at the action of GL + HP + T in January (upstream face - upper) and July 

(downstream face –down) 
 

In compliance with Figure 8, in January the areas with S Max. Principal stresses 
exceeding concrete strength are located at upstream face while in July they are located at 
downstream face. This remark was presented earlier (see Figure 6). 

 

 
 

Fig. 9. Diagram Ϭ – ε applied in nonlinear analysis. 
 

The stress – strain diagram applied in nonlinear analysis is presented in Figure 9. The 
model is specific for concrete and incorporates brittle cracking in tension and stiffness 
degradation in compression with crushing. The unloading route is different from the 
loading route, so remaining displacements occur, This model does not provide structural 
discontinuities. Accordingly only areas with risk of cracking can be identified without the 
position of opening of any cracks 
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Figure 10. Nonlinear elastic analysis. Contour lines of X displacements (upstream–

downstream) at dam downstream face from GL + HP + T in January (upper) and July 
(down). 

 
The shape of contour lines of upstream–downstream displacements at downstream face 
from GL + HP + T resulted in nonlinear analysis (Fig.10) are not significantly different 
of those from linear elastic analysis (Fig.5). For instance at crest in dam central section 
the displacements reach 5.7 cm in nonlinear analysis in January as against 5.5 cm in 
linear elastic analysis. In July the maximum displacements in the same point are 2.1 cm 
in nonlinear analysis versus 4.6 cm in the linear elastic one. 
 

 

 
Figure 11. Nonlinear analysis. Contour lines of S Min. Principal at dam downstream face 

from GL + HP + T in January (upper) and July (down). 
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The contour lines of the S Min. Principal stresses produced by GL + HP + T at dam 
downstream face in nonlinear analysis highlight that in both seasons (coldest and 
warmest) the maximum stresses appear in the foundation crest areas reaching 3.92 MPa 
compression in January and 10.50 MPa tension in July (Fig.11). The S Min Principal 
stresses on dam downstream face are permanently lower than those which would cause 
concrete cracking in January but exceeding in July in foundation and crest areas the 
tensile stresses generating cracks. 
 

 

 
Figure 12. Nonlinear analysis. Contour lines with the areas which are exceeding the 

tensile stresses at the action of GL + HP + T in January (upstream face - upper) and July 
(downstream face –down) 

 Figure 12 shows that in nonlinear analysis in January the areas with S Max. Principal stresses 
exceeding concrete strength are located at upstream face while in July are located at 
downstream face in positions approximately similar with those in linear elastic analysis but 
with slight extension. 

 
4. Concluding remarks   

 
Based on data presented earlier, the following conclusions can be point out: 

- The thermal analyses were carried out in transient hypothesis for the coldest (January) 
and warmest (July)months of the year. A sequence of two years was considered starting with 
cold season (September 

- The dam selected by formulator is a very slender one. This type of dam is very sensible 
at temperature variations compared with thick dams. The analyses pointed out the dam 
displacements produced by temperature variations (T) are higher than those produced by 
gravity load (GL) and hydrostatic pressure (HP). In linear elastic analysis the maximum 
displacements upstream-downstream due to load combination of GP + HP + T in January and 
July appear at crest in central zone being 5.5 cm to downstream in January and 4.6 cm to 
upstream in July. 

- Calculus temperatures for static analysis were evaluated taking into account 40C as 
reference temperature. In both hypotheses for computing the stresses state in dam body in 
elastic analysis, respectively at GL + HP + T in January and July were identified areas in 
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which the tensile stresses exceeded tensile strength (2.9 MPa). Instead were not identified 
areas in which the compressive stresses exceeded compressive strength (38 MPa). 

- In linear elastic analysis the areas with risk of cracking because of exceeding tensile 
strength are located in central zone - downstream face at dam toe and crest for load 
combination GL + HP + T in July. In the case of load combination GL + HP + T in January 
the area with risk of cracking is situated in central zone – upstream face at dam toe, too. 

 In nonlinear analysis was used a specific model for concrete which incorporates brittle 
cracking in tension and stiffness degradation in compression with crushing. The model does 
not provides structural discontinuity, so only areas with risk of cracking were identified 
without position or opening of any cracks. 

- The nonlinear analyses led to contour lines displacements with similar shape as in 
elastic analysis. The upstream –downstream displacements in dam crest central section reach 
5.7 cm in nonlinear analysis in January as against 5.5 cm in linear elastic analysis. In July the 
maximum displacements in the same point are 2.1 cm in nonlinear analysis versus 4.6 cm in 
the linear elastic one. 

- The areas exceeding tensile strength in nonlinear analysis are approximately located in 
the same zone as in elastic analysis but with slight extension. 
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ABSTRACT:  
This paper presents the approach, the results, their interpretation and the conclusions of the thermal 
and thermo-mechanical analyses of an existing dam located in Northern Sweden. The dam is a 
relatively thin, 40 m high, 170 m long single-curvature concrete arch whose upstream and the 
downstream face are reinforced with ribbed steel bars. The investigation considers the operation 
period and consists of three main steps. Firstly, transient thermal analyses are performed to define the 
thermal states in the dam body and its foundation for a warm year followed by a cold year. Next, a 
nonlinear mechanical analysis is conducted to establish the strained and stressed states due to self-
weight and hydrostatic pressure loading for water level reaching the dam crest. The filling of the 
reservoir is modelled in eleven stages. The third step consists in applying the thermal states of the 
dam-foundation system and conducting non-linear thermo-mechanical calculations in order to define 
the displacements, strains, stresses and crack propagation in the dam body. In addition to what is 
required by the formulators of the theme, the procedure is repeated for a water level reaching 1.5 m 
below the dam crest, as well as for an empty reservoir. The results show that some horizontal cracks 
appear on the downstream face during the reservoir impounding for water level reaching the top part 
of the dam without considering any thermal stresses. This cracking is much less when the water level 
remains 1.5 m below the crest. However, in case of a warm year followed by a cold year, significant 
cracking occurs on the downstream face for both water levels considered, as the maximum crack width 
reaches 3.4 mm in the downstream face. 

1 Introduction 
The experience in dam operation and maintenance shows that deterioration of concrete dams 
due to loss of strength and/or watertightness of the dam body is mainly caused by (1) stresses 
developed under normal operation conditions (hydrostatic pressure and temperature 
variations); (2) freezing and thawing for dams in cold regions; (3) chemical reactions leading 
to swelling; (4) uncontrolled contraction in young concrete; (5) chemically aggressive water 
actions; and (6) degradation of joints, facings, and prestressed elements [3]. 

The current investigation concerns only the first of the above types of causes for deterioration 
of concrete dams. In particular, it deals with possible cracking of an existing relatively thin, 
40 m high, 170 m long single-curvature concrete arch dam located in Northern Sweden. The 
dam is subjected to harsh environmental conditions caused by large variation of the ambient 
air temperature. The latter can reach approximately 45°C between the maximum summer and 
the minimum winter monthly temperatures. 

The current analyses are performed in following the requirements and using the data provided 
within the framework of Theme A of the 14-th ICOLD Benchmark Workshop on numerical 
analysis of dams. The modelling and the computations are carried out by means of the finite 
element method computer program DIANA [1]. 

The objective of the investigation is to analyse the eventuality of cracking of the concrete arch 
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dam subjected to a load combination of self-weight, hydrostatic pressure and unusual seasonal 
temperature variations. In terms of numerical results, the aim is to estimate the crack pattern 
and crack width, as well as its influence on structural response of the dam-foundation system. 
The approach adopted for achieving the objective is to perform a one-directional coupled 
flow-stress analysis or staggered analysis. 

In accordance to the Theme A problem formulation, the investigations of eventual cracking 
due to temperature variations consider only the operation period. In other words, the thermal 
and thermo-mechanical phenomena arising in the young hardening concrete during the 
construction period are not taken into account. 

The results show that some horizontal cracks appear on the downstream face during the 
reservoir impounding for water level reaching the top part of the dam without considering any 
thermal stresses. The cracking is much less when the water level remains 1.5 m below the 
crest. However, in case of a sequence of warm year followed by a cold year, i.e. maximum 
temperature variation, significant cracking occurs on the downstream face for both water 
levels considered, as the maximum crack width reaches 3.4 mm in the downstream face. 

2 Geometrical layout and finite element model 
As already mentioned, the investigated structure is a 40 m high, 170 m long single-curvature 
arch dam. It has an extrados radius of 110 m, and is 2.5 m thick at the crest. The maximum 
thickness of the dam is 5.7 m at bottom of the section of maximum height. 

In order to cope with the high temperature variations and the related thermo-mechanical 
stresses, the designers of the dam have provided for ribbed steel bar reinforcement on both the 
upstream and the downstream surfaces, with concrete cover of 100 mm. The hoop 
reinforcement on both surfaces consists of a layer of bars with a diameter of 22 mm and a 
spacing of 300 mm. The vertical reinforcement on both surfaces consists of 25 mm diameter 
bars spaced at 300 mm. There is only one layer of vertical reinforcement on the upstream 
surface, while two layers with a spacing of 300 mm between them are present on the 
downstream surface.  

The top 25 m of the right abutment is formed by a mass concrete spillway structure. The 
spillway is 35 m wide and has a maximum height of 30 m. The left dam abutment is formed 
by a 12 m high, 15 m long mass concrete block. 

The layout of the concrete arch dam and its abutments and foundation is shown in Figure 1. 

 
Figure 1: Illustration of the layout of the concrete arch dam and its abutments and foundation 

The following isoparametric structural solid element types based on quadratic interpolation 
are used to define in DIANA the finite element model of the dam-foundation system: 
(a) CHX60, a twenty-node brick element of Gauss integration; (b) TP45, a fifteen-node wedge 
element of numerical integration; (c) PY39, a thirteen-node pyramid element of numerical 
integration; and (d) CTE30, a ten-node solid tetrahedron element of numerical integration. 
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For strain compatibility the used quadratic structural elements are converted to linear heat 
flow elements (HX8HT, TP6HT, PY5HT and TE4HT, respectively). Isoparametric plane heat 
flow boundary elements based on linear interpolation are used to describe boundaries in 3-D 
general potential flow analysis: BQ4HT, a four-node quadrilateral element of Gauss 
integration; and BT3HT, a three-node triangular element of area integration. 

The mesh of the dam has 6 elements over the thickness. In addition, to be able to capture 
correctly the concrete temperature distributions, two elements are defined over the outer 
thickness of 0.80 m at both upstream and downstream faces, as shown in the zoom of the dam 
mesh in Figure 2 (right). The element length in the arch and in the vertical direction is 1 m. 

  
Figure 2: Finite element mesh of dam (left) and zoom of the arch (right) 

The element side lengths in the right abutment (the spillway) and in the left abutment (the 
mass concrete block) vary between 1 m and 1.5 m. The finite element mesh of the entire dam 
is shown in Figure 2 (left). 

The reinforcement on the upstream and downstream surfaces of the dam is modeled by means 
of plane shaped reinforcement grids. The upstream reinforcement is modelled with one layer 
of grid reinforcement located 100 mm inside the concrete. The two existing layers of 
reinforcement downstream are combined in one layer of 2 times the bar diameter located 
150 mm from downstream surface.  

The lengths of the rock foundation elements near the dam-foundation interface vary between 
1 m and 3 m. The elements at the foundation external boundaries have lengths of 6 m. 

Structural interface elements between two planes in a three-dimensional configuration are 
used to model the interaction between the arch of the dam and the rock foundation. These 
elements are based on quadratic interpolation and they are the following: (a) CQ48I, plane 
quadrilateral, 8+8 nodes; and CT36I: plane triangle, 6+6 nodes 

Figure 3 shows the finite element mesh of the foundation and the dam-foundation interface 
elements (left), as well as the mesh of the whole dam-foundation system (right). 

  
Figure 3: Foundation and interface mesh (left) and whole dam-foundation system mesh (right) 
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The total number of elements is 121342 (including interface and flow boundary elements), of 
which 51762 hexahedron, 3399 wedge, 29312 pyramid and 19532 tetrahedron. The total 
number of nodes is 352 713 for the structural analysis. 

3 Approach 
The approach adopted is in accordance to the objective of the current investigation, which is 
namely assessing the crack pattern and crack width in case of unusual seasonal temperature 
variations. 

A one-directional coupled flow – stress analysis or staggered analysis is performed. Firstly, 
flow (temperature) states are calculated and then they are applied as an external loading in the 
following structural analysis. Estimating the effect of temperature distribution on stressed and 
strained states is an acceptable approximation in the current investigation, since the 
temperature variations lead to structural response, but the mechanical loading considered does 
not cause thermal effects. 

In particular, the staggered thermal – mechanical analysis performed consists of the following 
main steps: 

1. Transient heat-flow analysis to define the dam-foundation system temperature states; 
2. Nonlinear structural analysis to define the displacements, strains, stresses, crack initiation 

and propagation, crack pattern and crack width for a load combination involving the basic 
load cases (self-weight and hydrostatic pressure) and the temperature variations as defined 
in the previous analysis step. 

3.1 Transient heat-flow analysis 
The transient heat-flow analysis is performed for a scenario involving a sequence of a warm 
year followed by a cold year. An initial condition of a uniform temperature distribution of 4°C 
(the stress-strain free temperature defined in the problem formulation) is assumed for the 
dam-foundation system. 

The effect of the uniform initial temperature is investigated by introducing a period of one 
year of mean monthly temperatures that precedes the sequence of warm - cold year. The 
obtained results have then been compared with an analysis without the year of mean monthly 
temperatures. The differences in the calculated results are found to be negligible. Therefore, 
the staggered analysis is carried out only for the sequence warm – cold year. 

Two analyses are performed with different time steps: 30 days and 3 days. The differences in 
the calculated temperatures are negligible. Hence the 30-day time-step results are used in the 
staggered analysis. 

3.2 Nonlinear structural analysis 
The nonlinearities modelled include the arch dam base joint nonlinear interface, as well as the 
nonlinear constitutive models associated with the concrete material and the reinforcement. 

The loading sequence on the dam-foundation system is numerically simulated in three main 
phases: (1) self-weight; (2) hydrostatic pressure; and (3) temperature differences. 

The self-weight is applied in one load step, i.e. no construction stages are modelled. On the 
other hand, in order to achieve convergence of the nonlinear solution, the hydrostatic pressure 
is applied in eleven load steps (water level reaching 30 m below the crest, then 20, 15, 10, 8, 
6, 4, 3, 2, 1, and 0 m below the crest). Finally, the thermal states defined by means of the 
transient heat-flow analysis (Section 3.1) are applied in time-steps of 3 days, except for the 

140



months of lowest temperature, when the time-step is 1 day. 

Although not required in Theme A formulation, two additional cases regarding the reservoir 
water level are investigated: for a maximum water level reaching 1.5 m below the dam crest 
and for an empty reservoir. 

4 Material parameters 
The following material parameters supplied by the formulators of Theme A are used: 

Table 1: Material parameters 
Material parameters Units Concrete Steel Rock 
Modulus of elasticity GPa 33 200 40 
Poisson’s ratio - 0.2 0.3 0.15 
Density kg/m3 2300 7800 2700 
Thermal expansion K-1 10-5 10-5 10-5 
Thermal conductivity W/(m*K) 2 39 3 
Specific heat capacity J/(kg*K) 900 450 850 
Compressive strength MPa 38 - n.a. 
Tensile strength MPa 2.9 - n.a. 
Yield stress MPa - 360 - 
Ultimate strength MPa - 600 - 
Ultimate strain - - 0.15 - 

The additional material parameters that are adopted to describe the nonlinear behaviour of the 
concrete and the arch dam–rock foundation interface are given in the following. 

4.1 Concrete 
The total strain rotating crack model with linear tension softening curve defined in DIANA 
[1] is used to investigate the nonlinear effects in concrete (Figure 4). This material model 
requires input for Mode I fracture energy 𝐺𝑓𝐼. It is emphasised that the value of fracture energy 
of mass concrete used in dams is significantly higher than that of structural concrete, since in 
the former the fracture takes place mostly due to failure of the aggregates. On the other hand, 
the fracture in structural concrete takes place mostly in the bond between the aggregates. 

 
Linear tension softening, facture energy based 

 
Parabolic compressive behaviour 

Figure 4. Total stain crack model  

According to E. Brühswiler’s investigations [4], depending on the maximum aggregate size 
𝑑𝑎 , the fracture energy value can vary between 230 N/m for 𝑑𝑎=80 mm and 310 N/m for 
𝑑𝑎=120 mm. Based on additional information provided by the formulators of the Theme A 
problem, the maximum aggregate size used when casting this dam is at least 100 mm. 
Therefore, for the purposes of the current investigation, the value of fracture energy is 
assumed equal to 280 N/m. The compressive facture energy is taken 𝐺𝑐 = 50 000 N/m. 

4.2 Arch dam – rock foundation interface 
Non-linear elastic interface behaviour model is associated to the arch dam – rock foundation 
interface. Based on the concrete and mass rock moduli of elasticity, interface linear stiffness 
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moduli of 3𝐸 + 11 N/m³ and 1𝐸 + 10 N/m³ are specified for the normal and the tangential 
stiffness, respectively. In case of tension (opening) the normal stiffness reduces to zero, while 
the tangential remains unchanged. 

5 Boundary conditions 

5.1 Transient heat transfer analysis 
The air and water temperature variations provided as input are applied as boundary conditions 
on the respective surfaces of the dam and its foundation and are given in Figure 5. Zero flow 
boundaries are specified on the bottom and on the side surfaces of the rock foundation model. 

 
Figure 5: Ambient temperature boundary conditions 

5.2 Nonlinear structural analysis 
Translational supports in the respective normal direction are specified as structural boundary 
conditions on the bottom and on the side surfaces of the foundation model. 

6 Results 

6.1 Transient heat transfer analysis 
The calculated temperature distributions for the central section of the dam are shown in 
Figure 6 for the months of July in a warm year (maximum ambient temperatures) and January 
in a following cold year (minimum ambient temperatures). 

  
Warm year July temperature distribution Cold year January temperature distribution 

Figure 6: Warm year July and cold year January dam central section temperature distribution 

6.2 Nonlinear structural analysis with linear-elastic concrete 
Henceforth, stress with negative value means compression and with positive one tension. 

In this sub-section are shown the results obtained from a non-linear structural analysis in 
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which linear-elastic material properties are assigned to the materials of concrete and rock. It is 
noted that the nonlinearity of the arch dam – foundation interface is kept. 

Figure 7 shows the calculated radial and total displacements with respect to the configuration 
of the arch dam at the end of the construction period, which is represented by the vertical line 
at displacement 0 mm. The results are shown for the downstream line of the central vertical 
section of the arch. The “initial” displacements are due to hydrostatic pressure from 
impounding of the reservoir up to the dam crest level. The minimum and the maximum 
displacements are due to the hydrostatic pressure and the temperature differences (with 
respect to the stress/strain free temperature) for temperature distributions in the months July in 
a warm year and January in a following cold year, respectively. The lowest ambient winter 
temperatures cause significant radial deformation toward downstream, which, as it will be 
discussed later, leads to cracking. The figure also shows that significant percentage of the 
total displacements is due to the radial ones, with the exception of a warm year, when the 
vertical displacements play an important role in the upper part of the dam. In addition, the 
total displacements obtained in the assumption of a fixed connection between the arch dam 
and its foundation, are also shown. A fixed connection would have resulted in lower total 
displacements. On the other hand, it would have caused vertical tensile stresses and 
subsequent cracking at the heel of the dam.  

Figure 8 gives graphs of the total displacements along the intrados lines of the crest and the 
mid-section (14 m below the crest). Figure 9 concerns the tensile strength utilization in 
January in cold year and shows in yellow, orange and red colours the areas of the downstream 
face where the maximum principal stresses exceed the tensile strength of concrete. As it will 
be shown, the high tensile stresses on the downstream face are in the vertical direction and 
cause horizontal cracks. 

  
Figure 7: Central section (d/s) initial, minimum and maximum radial and total displacements 

  
Figure 8: Crest and mid-section (d/s) initial, minimum and maximum total displacements 
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Figure 9: Areas of tensile stress greater than concrete tensile strength in January of cold year 

6.3 Nonlinear structural analysis  
This sub-section present the results obtained from a full non-linear structural analysis, i.e. in 
which are modelled the nonlinearities due to cracking in concrete, as well as due to opening at 
the arch dam – foundation interface. 

Figure 10 and Figure 11 show the horizontal Syy and the vertical Szz stresses due to the load 
combination of self-weight and hydrostatic pressure. The hoop stresses reach 5.4 MPa on the 
upstream face. On the other hand, the vertical stresses reach 2.9 MPa on the downstream face, 
which leads to initiation of horizontal cracks of maximum 0.02 mm width. The cracks are 
smeared in the middle zone of the downstream face, as shown on Figure 12. It is noted that 
there is almost no cracking for a water level reaching maximum 1.5 m below crest. 

  
Syy stresses on downstream face, MPa Syy stress at vertical sections, MPa 

Figure 10: Syy stresses (MPa) due to self-weight and hydrostatic pressure load combination 

  
Figure 11: Szz stresses (MPa) due to self-weight and hydrostatic pressure load combination 
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Figure 13 show the horizontal Syy and the vertical Szz stresses due to the load combination of 
self-weight, hydrostatic pressure and temperature differences in January of a cold year. The 
propagation of horizontal cracks on the downstream face leads to significant stress re-
distribution. The vertical stresses there are just below the tensile strength of concrete; on the 
other hand, the hoop stresses on the upstream face increase to a compressive stress of 11 MPa. 
The vertical compressive stresses on the upstream face also increase and reach 6 MPa. The 
cracks on the downstream face propagate and their width increases to reach a maximum of 
3.4 mm, as shown on Figure 14. 

 

  
Figure 12: Horizontal cracks due to self-weight and hydrostatic pressure load combination 

  
Syy stress at vertical sections, MPa Szz stress at vertical sections, MPa 

Figure 13: Syy and Szz stresses in January of a cold year 

 
Figure 14: Crack pattern and crack width in January of a cold year 
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7 Conclusions 
The maximum hydrostatic pressure causes unusually high cantilever tensile stresses on the 
downstream face of the investigated arch dam. According to the recommendations of USBR 
for design of arch dams, the radius of the arch at the crest has to be approximately 𝑅 = 0.6𝐿1, 
where 𝐿1 is the straight line distance measured between the arch dam abutments [5]. 

In our case, 𝐿1 is approximately 154 m. It means that the radius of the arch should are chosen 
equal to 92 m, but instead it is 110 m. The insufficient curvature of the arch is one of the 
reasons why the vertical stresses on the downstream face exceed the tensile strength of 
concrete even for the basic load combination of self-weight and hydrostatic pressure. The 
small thickness of the arch is another reason.  

The formed significant area of horizontal cracking starts from the initial moment of the 
thermal analysis. Combined with the implicit role of the reinforcement, which is very difficult 
to be reflected properly in cracked concrete with the used large scale FEM mesh model, it 
additionally complicates the already rather difficult task of modelling the opening and the 
spacing of thermal cracks. The interaction between the concrete and the reinforcement bars 
limits the possibilities for their opening. Due to thermal effects only, the reinforcement can 
never reach high stresses and rupture as it could happen under external forces.The last fact 
should be kept in mind when interpreting the width of the horizontal cracks on the 
downstream face caused by the water pressure. 

In result of the combined action of the water pressure and temperature drop with 30oC, the 
downstream face of the dam becomes covered with cracks. The cracks are mainly horizontal 
and occur in the middle part of the face. The cracking initiates due to the water pressure and 
the cracks propagate due to the 30oC drop of the air temperature. Some vertical cracks occur 
as well in the lower part of the dam near the dam-foundation interface. They are mainly due to 
the assumed stiff interface in the tangential directions between the arch and the rock 
foundation preventing the former from longitudinal contraction through sliding in the arch 
direction. The same reason leads to occurrence of vertical cracking the fully cooled dam when 
the reservoir remains empty for several very cold months. 

The cracking leads to significant stress re-distribution as the maximum compressive stress at 
the upstream face increases to more than 11 MPa. Nevertheless, the stability of the dam 
remains, since there is horizontal compression in the prevailing part of the dam and the 
maximum compressive stress remains well below the compressive strength of the concrete 
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ABSTRACT: A finite element thermomechanical analysis of a concrete arch dam has been carried 

out to predict the extent of cracking due to temperature variations. A linear elastic analysis allows us 

to find out the areas exceeding the tensile strength of the concrete. Then, a smeared crack approach 

based on a non-local damage model is used to accurately predict the pattern of the damage at the dam. 

Additionally, joint elements are introduced in the damaged regions of the wall to analyze the evolution 

of the crack aperture over the year. 

1 Introduction 

Dams are particularly transcendental structures, both in the engineering and the economic fields 

of our society. From the engineering point of view dams are, without a doubt, challenging 

structures, firstly because of its proportions (some are near the largest man-made structures in 

the world), but also because of the hazards they pose to human settlements and infrastructures 

in case of failure. Indeed, incidents caused by dam failures can be catastrophic if the structure 

is breached or significantly damaged [1]. 

When dams are located in cold areas of northern countries, e.g. Sweden, Norway, Finland, the 

large variations in temperatures between summer and winter can cause dams to be subjected to 

cracking [2]. It is usual to perform routine deformation and seepage monitoring in the 

maintenance period of a dam to anticipate any problem and permit remedial actions if needed. 

However, with the recent advances in computational mechanics, the engineering community is 

coming to an agreement on the convenience of using numerical methods in dams’ analyses, as 

they help understand the behaviour of the structure from the design period to the end of its 

service life. 

Thereby, in the context of the Theme A proposed by the 14th International Benchmark 

Workshop on the Numerical Analysis of Dams, the present work has the objective of analysing 

the extent of cracking on a concrete arch dam subjected to seasonal temperature variations, by 

means of non-linear finite element method (NLFEM). In this regard, a thermomechanical 

problem is solved to determine the evolution of the deformations of the dam throughout 

different seasons. The non-linear behaviour of the cracked dam is captured through an integral-

type non-local damage model based on the regularization of the equivalent strain [3]. An 

additional analysis introducing joint elements in the damaged regions is performed to give a 

deeper insight into the effects of cracking.  

The code used to solve the problem is Kratos Multiphysics, an open-source C++ FEM 

framework [4]. The pre and post processing of simulations have been carried out with GiD [5]. 

The paper is organized as follows. First, the essential theory and formulation is introduced, 

including the thermomechanical problem, the damage model and the interface elements used, 

and then the numerical model is described along with the most representative results. 

147



2 Formulation 

2.1 Thermomechanical problem 

In this work, a classical 3D solids finite element code has been coupled with the diffusion 

equation for the solution of a heat transfer problem. Two main equations describe the solution 

of the thermomechanical problem. The thermal part is governed by the heat equation: 
 

 
(1) 

 

where ρ is the density, C is the specific heat, θ is the temperature, k is the conductivity, and Q 

is the source heat. The mechanical part is governed by the balance of momentum equation: 
 

 
(2) 

 

with σij being the stress tensor, bi the mass forces vector, and üi the acceleration vector.  

In this case, since the deformation of the solid part is small with respect to the scale of the 

problem, a one-way coupling between the thermal and the mechanical part is enough to properly 

capture the damage process involved in the problem of interest. In essence, the thermal problem 

influences the mechanical solution of the problem, but that mechanical solution takes no part 

in the thermal problem. Thereby, we first obtain the temperature field through all the domain 

by solving a diffusion problem, and then we introduce those results into the constitutive model 

of the solid, which act as an external load for the mechanical problem. The constitutive relation 

between stresses and strains can be written as: 
 

 (3) 
 

where Dijkl is the constitutive tensor of the material, εkl is the deformation tensor, βij is the 

thermal expansion tensor, and θ0 is the reference temperature of the structure. 

2.2 Damage model 

In order to analyse the effects of the cracking on a concrete dam, different approaches can be 

encountered in the literature, but probably two main groups can be distinguished: the smeared 

crack approaches, continuum based methods in which the influence of developing fractures is 

incorporated into the constitutive stress-strain law [6], and the discrete crack models, in which 

each single discontinuity is represented explicitly [7]. In this work, we have essentially followed 

the smeared crack approach based on damage theory, but we have also solved the problem with 

joint elements, as explained in the next section. 

The simplest damage model for multiaxial stress states is the isotropic damage model with a 

simple scalar variable. This model is based on the assumptions that the stiffness degradation is 

isotropic and the Poisson’s ratio is not affected by damage. The stress-strain law is now 

postulated as: 
 

 (4) 
 

where Du
ijkl is the elastic constitutive tensor, σu

ij is the undamaged stress tensor, and d is the 

damage variable, a scalar measure of the material degradation that ranges from 0 to 1. 

In order to properly determine the evolution of the damage variable regardless of the loading 

case we must introduce a historical variable r(t): 
 

 
(5) 
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In the above expression εeq is the equivalent strain, i.e. a scalar measure of the strain level, and 

ry is the damage threshold, a material parameter that indicates the value of equivalent strain at 

which damage stats. 

 

Equivalent strain 

To some extent, the equivalent strain presented in (5) plays a role similar to the yield function 

in plasticity, because it directly affects the shape of the elastic domain. There are numerous 

forms of equivalent strain in the literature, but a convenient choice for concrete is to use the so 

called modified von Mises definition [8]: 
 

 

(6) 

 

where κ is a parameter that sets the ratio between the uniaxial compressive strength and the 

uniaxial tensile strength, ν is the Poisson’s ratio, I1 is the first invariant of the strain tensor, and 

J2 is second invariant of the deviatoric strain tensor. 

 

Damage evolution law 

There are various damage governing laws that can be effectively used to model damage growth 

in quasi-brittle materials. Here we use the exponential softening model proposed in [9]: 
 

 
(7) 

 

In equation (7) the parameter R is associated to the residual strength of the material, whereas 

the parameter S controls the slope of the softening branch after the peak of the stress-strain 

curve. 

 

Non-local damage 

Problems involving damage progression in quasi-brittle materials show strong localization of 

strains. If the damage parameter depends only on the strain state at the point under consideration 

and no regularization is introduced, numerical simulations exhibit a pathological mesh 

dependence and the energy consumed by the fracture process tends to zero as the mesh is refined 

[10]. The introduction of a characteristic length into the constitutive model, and the formulation 

of a non-local strain-softening model, have been shown to prevent the spurious localization of 

strains and regularize the boundary value problem [11-13]. An integral-type non-local damage 

model has been used here to that purpose. 

In essence, such model abandons the classical assumption of locality and admits that the 

damage at a certain point depends, not only on the state variables at that point, but also on the 

distribution of the state variables over a finite neighbourhood of the point under consideration. 

The damage in the present work has been computed from the non-local equivalent strain [5]. 

Let εeq,l(x) be the local equivalent strain in a domain Ω. The corresponding non-local field is 

defined as: 
 

 
(8) 

 

where ζ(x,χ) is the non-local weighting function: 
 

 ;  

(9) 
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where Dxχ is the distance between points x and χ, and lc is the characteristic length of the 

material. The function ζ0 in (9) implies that any point χ within a radius lc of the source point x 

has an influence on the value of the non-local equivalent strain in x. 

2.3 Joint elements 

Joint elements (or interface elements) are special elements that allow representing 

discontinuities in the displacement field as a discrete crack model. One of the most important 

differences with respect to the standard finite elements is that the quantities of interest in the 

interface elements are in the local coordinate system of the crack. It is thus necessary to define 

the upper and lower faces of the joint and work with the normal and tangential relative 

displacements at any point along the fracture.  

The constitutive law governing the mechanical behaviour of the interface element is a bilinear 

cohesive fracture model based on the fracture criteria of Camacho and Ortiz [14] and Song et 

al. [15]. In such model the evolution of the cohesive zone is an irreversible damage process 

with a historical state variable ι, playing a similar role as the scalar r defined in (5): 
 

 
(10) 

 

The parameter ιy in (10) is the damage threshold of the joints and εeq is the equivalent strain, 

which depends on the simultaneous activation of the tangential and normal relative 

displacements ϵi (i = l,m,n): 
  

 

(11) 

 

with ϵc being the critical displacement, i.e. the relative displacement at which the cohesive zone 

stops transmitting forces. We define each component of the stress vector as: 
 

 
(12) 

 

where σy is the yield stress, i.e. the stress at which the cohesive zone starts damaging. 

3 Numerical model and results 

In order to consider the steel reinforcement, the dam body was divided into three pieces with 

different material properties, according to the percentages of concrete and steel. In essence, the 

upstream part was defined with a 0.324% of steel, the downstream volume with a 0.487% of 

steel, and the middle volume was pure concrete. The material parameters used here are 

summarized in Table 1.  

A mesh of linear tetrahedrons was used both for the thermal and mechanical analyses. An 

element size of 0.75m was assigned for the dam, and a transition from 0.75 to 10m was chosen 

for the rock. The resultant mesh has 187,021 nodes and 1,008,000 elements (Figure 1). 

3.1 Thermal analysis 

Two transient thermal analyses have been performed following the indications of the problem 

statement. A first simulation of 26 months was carried out, starting from a cold year and 

followed by a warm year, and then another 26-months simulation going from a warm year to a 

cold year was performed so as to assess the relevance of the seasons’ order (Figure 2). 

From the two thermal analyses it can be concluded that the order of the seasons shows no 

noticeable changes in the temperature distribution at the central section of the dam, and thus 

here we just display the temperatures of the coldest January and the hottest July of the cold-
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warm analysis (Figure 3). The yearly temperature variation near the upstream face is 

remarkably lower due to the influence of the reservoir. 

 

Table 1: Material properties. 

Property Rock Dam Joints Unit 

  Upstream Middle Downs.   

Density (ρ) 2.7e3 2.32e3 2.3e3 2.33e3 2.3e3 kg/m3 

Young’s modulus (E) 4.0e10 3.35e10 3.3e10 3.38e10 3.3e10 N/m2 

Poisson’s ratio (ν) 0.15 0.2 0.2 0.2 0.2 - 

Thermal expansion (β) 1.0e-5 1.0e-5 1.0e-5 1.0e-5 - K-1 

Thermal conductiv. (k) 3.0 2.12 2.0 2.18 - W/(m*K) 

Specif. heat capacity (C) 850.0 898.5 900.0 897.8 - J/(kg*K) 

Strength ratio (κ) 10.0 13.1 13.1 13.1 - - 

Residual strength (R) 0.8 0.75 0.8 0.7 - - 

Softening slope (S) 9.0e3 9.25e3 9.0e3 9.5e3 - - 

Damage threshold (ry,ιy) 1.0e-3 2.5e-4 2.5e-4 2.5e-4 0.04 - 

Min. joint width (δmin) - - - - 1.0e-3 m 

Critical displacem. (ϵc) - - - - 0.05 m 

Yield stress (σy) - - - - 0.0 N/m2 

Friction coefficient (μ) - - - - 0.4 - 

 

 

Figure 1: Detailed view of the mesh. 

 

 

Figure 2: Temperature variation. Left: cold-warm analysis. Right: warm-cold analysis. 
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Figure 3: Temperature at the central section of the dam. Left: January. Right: July. 

3.2 Linear mechanical analysis 

The temperature field obtained from the thermal analysis along with the gravity load applied 

on the dam body and the constant hydrostatic pressure corresponding to a water level of the 

crest height conform the external forces applied in the mechanical analyses. An implicit and 

quasi-static scheme was used for this purpose. 

As in the thermal analysis, the results obtained for the linear mechanical analysis of the warm-

cold sequence are almost identical to those of the cold-warm alternative. Thereby, Figures 4-6 

represent just the latter case.  

In Figure 4, three different scenarios are plotted for each graph: static, representing a case in 

which no temperature variation is considered, minimum, corresponding to the hottest July of 

the simulation, and maximum, coinciding with the coldest January. Looking carefully at Figures 

4 and 5 it is easy to understand the response of the dam against the temperature variations. 

While in January the wall deforms in the downstream direction, the higher temperatures on the 

downstream face in July induce the opposite effect. Moreover, the computed displacements 

near the foundation of the dam are smaller than those close to the crest given the higher stiffness 

of the rock mass. Also, when looking at the displacements along the horizontal lines of the arch, 

one also notices the influence of the abutments and the spillway. 

 

 

Figure 4: Displacement-X at the downstream face of the dam. Left: central section. Centre: 

crest. Right: 14 m below crest. 
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Figure 5: Contour plots of the Displacement-X. Top: January. Bottom: July. 

 

Figure 6 displays those areas exceeding the tensile strength (2.9e6 Pa), and shows that all the 

downstream face can be seriously damaged by the cold temperatures of January. Looking at the 

main wall, one can foresee three specific regions of potential cracking: one next to the left 

abutment, another near the spillway, and finally one at the centre, coinciding with a sudden 

change of slope at the dam foundation. 

 

 

Figure 6: Contour plots of the principal stresses exceeding the tensile strength (January). 

3.3 Non-linear mechanical analysis 

Next, the same problem has been solved with the non-local damage model presented in the 

previous section using a characteristic length lc of 1.5 m. In this case, though, some differences 

were found between the warm-cold (W-C) and cold-warm (C-W) sequences, stressing the 

higher complexity of the non-linear analysis. 

 

 

Figure 7: Displacement-X at the downstream face of the dam. Left: central section. Centre: 

crest. Right: 14 m below crest. 
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Figures 7 and 8 clearly show the previous statement. In essence, since temperatures in the warm 

year are smoother than those in the cold year, the sequence warm-cold shows almost no damage 

until the second half of the simulation. In the opposite sequence, the damage appears in the first 

months and thus the minimum displacement, i.e. that corresponding to the hottest month, is 

clearly influenced by the presence of damage at the wall. On the other hand, the difference in 

the computed displacement disappears in the coldest month of the year because that is the 

moment in which damage actually spreads for both sequences. 

 

 

 

Figure 8: Contour plots of the Displacement-X. Top: January. Bottom: July. 

 

Looking now at Figure 9 and comparing it with Figure 6, it is easy to make a correlation between 

the areas exceeding the tensile strength and the extent of the damage variable. Indeed, one can 

see that the downstream face is extensively damaged and, regarding the main wall, the damage 

concentrates in the same three regions of Figure 6: near the abutment and the spillway, and over 

the lowest point of the foundation. 

Knowing the damage pattern of Figure 9, it is very straightforward to understand the 

displacement field of Figure 8. The contour plot is very similar to the one in Figure 5 with the 

exception of a smooth jump in the displacement near the central crack of the wall. 

 

 

Figure 9: Contour plots of the damage variable at the end of the cold-warm analysis. 

3.4 Mechanical analysis using joint elements 

As an additional simulation, we have introduced joint elements to explicitly represent the cracks 

at the location of the three damage marks in Figure 9, and we have solved the problem defining 

the materials of the dam as linear elastic. The parameters of the joints are listed in Table 1. 

The main purpose of this last case was to compare the effect of the joints with the non-local 

damage model of section 3.3. Looking at Figure 10, one can see that the joint elements, as a 

discrete crack approach, introduce a more abrupt jump in the displacement field than the 

smeared crack model based on damage. The contour plot displayed here is very similar to the 

one in Figure 5 because the materials are considered elastic in both cases. A combination of the 
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damage model with the discrete crack approach is also possible, but the computational cost 

would have been considerably higher. 

 

 

 

Figure 10: Contour plots of the Displacement-X. Top: January. Bottom: July. 

 

Finally, we have also measured the crack aperture throughout the 26 months of simulation to 

check the influence of the seasonal temperatures on it (Figure 11). As expected, the joints open 

in winter when the dam is contracted, and remain almost closed during the rest of the year. It is 

interesting to note that, after a cold year, the width of the joints in the warm year is larger than 

in the opposite sequence of seasons. 

 

 

Figure 11: Crack aperture. Left: cold-warm analysis. Right: warm-cold analysis. 

4 Conclusions 

A non-linear finite element thermomechanical analysis of a concrete arch dam has been 

performed with the following conclusions: 

• Temperature variations can cause important cracking on the dam, both at the abutments 

and at the main wall. 

• A linear elastic analysis can be adequately used to predict areas that may be subjected 

to cracking with a relatively low computational cost. 

• A non-local damage method has been used to accurately locate the regions of 

concentrated cracking at the wall of the dam. Moreover, it has also shown that the order 

of seasonal temperatures is relevant in the final prediction of deformations. 
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• While the smeared crack approach is very useful in the prediction of the location of 

cracks, it gives no information on the width of the cracks over the year. Using a discrete 

crack approach, such as the joint elements presented here, allows measuring the 

evolution of the joint aperture, which strongly depends on the temperature seasonal 

variations. 

In the authors’ opinion, the numerical tools used in the present work can be effectively used to 

predict and analyse the source of problems in concrete arch dams subjected to temperature 

variations. However, it is undoubtedly crucial to calibrate the results with real measurements in 

order to give a convincing message to the industry. 
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ABSTRACT: This article describes the numerical modelling of a thin arch dam under strong seasonal 
thermal loading. This thin arch dam is faced with important cracking, which creates a redistribution of 
the internal stresses. Therefore, the use of non-linear calculations allowing some cracking in the 
concrete is necessary to represent the behaviour of the dam. First will be studied the influence of the 
number of calculation steps. Then, the model is changed for a cyclic one, on which other calculation 
parameters are modified in order to test their influence, such as previous thermal loading, convergence 
criterion, mesh size, cracking law, or non-brittle behaviour. This will allow discussions on the 
influence of these parameters, and on the author’s opinion on possible missuses of such models. 

1 Introduction 
This contribution to the Theme A of the 14th ICOLD Benchmark Workshop on numerical 
analysis of dams aims to analyse the behaviour of a thin arch dam subjected to strong thermal 
loadings. Compared to a simple behaviour law for the concrete, the influence of various 
modelling assumptions is assessed. 

As requested by the formulators, linear and non-linear models are compared. Various non-
linear approaches are then studied: 

- Effects of cyclic thermal loads and historical loading, 
- Effects of various modelling choices (numerical parameters, cracking laws, or fracture 

energy) on the cyclic model. 

2 Characteristics of the models 

2.1 Geometry and mesh 

The geometry of the dam and the foundation were provided by the formulators, and imported 
into DIANA-FEA release 10.1 (06-06-2017). 

     
Figure 1: Finite element model: mesh views of the model and the dam 

The mesh pattern is linear, based on tetrahedral elements for the concrete structures and 
hexahedral elements for the foundation. The typical maximum sizes for the elements are: 
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- 0.7 m (bottom part) to 0.8 m for the remaining parts of the dam, 
- 4.5 m to 10 m for the foundation. 

The total number of mesh elements in the model is of 403 118, including 292 233 for the dam. 

2.2 Model parameters 

Translations on all directions are blocked on the bottom face of the model; only perpendicular 
translations are blocked on the lateral faces of the model. 

Thermal boundaries have been located as follows: 
- On the downstream face of the dam, 
- On the foundation and concrete faces in contact with water, 
- On the foundation and concrete faces in contact with air, except the dam’s 

downstream face. 

These are of Robin type (i.e. a flux depending of the temperature difference between a 
prescribed environment and the dam surface; such boundary conditions only require the 
definition of initial temperature, external temperature, and transfer coefficients). Ambient 
temperatures are described in § 3.1. 

Material properties are in accordance with the instructions given by the formulators. For the 
models with nonlinear behaviour, the concrete structures are modelled with a total strain crack 
model, with fixed orientation cracks. The tensile curve is brittle (no residual traction strength 
after passing the 2.9 MPa limit). Once opened, the shear resistance of cracks is decreased to 
reach a residual value equal to 1% of the original one. Both brittle characteristics and reduced 
shear strength have been chosen for the benchmark purpose, in order to emphasise the 
nonlinear behaviour and numerical challenge. 

2.3 Static load 

The static mechanical loads are the self-weight of the structures and the water pressure, 
applied only on the upstream dam face. 

3 Results for the thermal conditions suggested by formulators 

3.1 Thermal loading 

The thermal load allows simulating the behaviour of the dam over a 2 years period, with the 
succession of a high temperature summer, a high temperature winter, a low temperature 
summer, and a low temperature winter. Assumed temperatures are presented in the following 
figure. 

  
Figure 2: Thermal external conditions during the 730 days simulation. 
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The calculation step size for thermal computations varies from 15 days to 7.5 days during the 
most critical stages, namely the increase of temperatures in summer and decrease of 
temperatures in winter. The results of the thermal analysis lead to extreme temperature in the 
concrete varying from  0.5°C to  -21°C in winter, and from 14 to 18°C in summer. 
For mechanical calculations, the reference approach considers calculation steps of 10 to 12 
days for the same critical stages (see blue crosses in figure 2). A quicker calculation, with 
only 5 steps, was performed: self-weight load, hydrostatic, and extreme temperatures (boxes 
in figure 2). 

3.2 Results for the linear simulation 

The picture below shows the displacement of the dam at three critical steps, for the three 
sections (witness lines) defined by the formulators. The results are presented in meter, and 
horizontal displacements (dx and dy) are amplified by a factor 500. 

  
Figure 3: Linear calculation – Displacement of the dam along the witness lines (from left to 

right: crown cantilever, mid-level horizontal line, and the crest) 

The linear calculation predicts only upstream cracks at the dam heel where tensile stresses 
(positive values) exceed 2.9 MPa in normal condition. These tensile stresses are cancelled in 
summer condition. In winter, the downstream face has tensile stresses exceeding 2.9 MPa 
almost everywhere, suggesting a generalised cracking on this face. 

 

  

Figure 4: Stresses on the downstream face of the dam in summer (left), and in winter (right) – 
linear calculation 
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3.3 Results for the nonlinear simulation 

The picture below shows the displacement of the dam at three critical steps, with the same 
convention as for figure 3, for the reference calculation (27 steps, see paragraph 3.1). 

 

Figure 5: Non-linear reference calculation –Displacement of the dam along the witness lines 

The crack pattern is significant, mainly located closed to the dam heel at the upstream face 
and generalized on the downstream face as expected by the linear analysis. The crack 
mapping of the dam downstream face in winter conditions is presented in figure 8 (right). The 
cracks develop in the direction of the dipping arches. 

The stress redistribution is significant, with both a change in stresses orientation and an 
increase in the extreme value of arch stresses. 

  
Figure 6 : Stresses on the downstream face of the dam for summer (left), and winter (right) – 

nonlinear reference analysis 

3.4 Sensitivity analysis on the loading path (number of calculation steps) 

The sensitivity of the numerical results to the loading path has been highlighted by a 
comparison with a very fast loading, considering only 5 steps instead of 27 steps (see figure 
2). The seasonal displacements of the dam are much smaller in the fast loading case than in 
the progressive one. 
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Figure 7: Displacement along the witness lines for winter (left) and summer (right) 

The explanation of this significant difference between progressive loading and quick loading 
can be explained by the cracking process: a progressive loading allows opening cracks one by 
one, which is not the case for the quick loading. This explanation is confirmed by the 
comparison of the cracking cartographies. 

 

Figure 8: Cracking cartographies of the dam downstream face in winter: quick loading (left) 
versus progressive loading (right) 

4 Results with cyclic thermal conditions 
The observed crack pattern on the dam downstream face is reproduced by the model after one 
seasonal cycle, as conservative tension strength is considered and reinforcement is neglected. 
In reality, the cracks appear over several years, through the repetition of load cycles more or 
less critical. The following section investigates the effects of cyclic loads. 

 
Figure 9: Thermal external conditions for cyclic simulations 
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4.1 Cyclic thermal loadings 

The thermal assumptions are presented in figure 9. Calculations are performed over 2 severe 
winters and 2 severe summers, and then stabilised at the equilibrium temperature (4°C). 

4.2 Presentation of the reference case for cyclic thermal conditions 

The reference case for the cyclic thermal simulations is the one represented in figure 9 with 
the application of a severe winter before a severe summer. 

The stress state is not significantly changed between the first and the second cycle of loading. 
However a drift is visible on the dam displacements. 

Displacement results are presented hereunder for all witness lines. In the figure below, as for 
the other figures of §4, dashed lines will represent the 1st (winter or summer) severe thermal 
load or initial conditions (before any thermal loading), and continuous lines will represent the 
2nd severe thermal load, or final conditions. 

 

Figure 10: Displacements along the witness lines for reference calculation “winter first” 

The question is to understand whether this drift results from arbitrary modelling choices 
(mesh size for example), or corresponds to a real physical mechanism, or even to numerical 
artefacts (too large convergence criterion for example). Sensitivity analyses have therefore 
been performed on this model in order to assess its reliability, and to evaluate the influence of 
some of the modelling choices. 

4.3 Sensitivity analysis on the loading history 

This paragraph compares the dam behaviour when, in the simulation, winter is applied first 
(before summer), which is the reference case, and when, either seasons have been swapped 
(summer applied first), or a “moderate temperature” year (with winter, and then summer) is 
applied before the beginning of the simulation. 

It appears that the case with “summer first” and the one with a preliminary moderate cycle 
behave quite similarly, in comparison with the reference loading case (“winter first”). 
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For both cases, the crown cantilever displacement is very similar for the winter conditions, 
thus reflecting a similar stress state and cracks pattern.  

It seems that the direct application of severe thermal conditions leads to higher displacements, 
probably caused by deeper cracking. 

  
Figure 11: Displacement of the crown cantilever under seasonal conditions 

4.4 Sensitivity analysis on the mesh size and the convergence criterion 

The mesh size and the convergence criterion have been tested hereunder. The following 
variants were calculated: 

- “convergence 0.2%”: the convergence criterion (on force or displacement) is equal to 
0.2% instead of 1% (usual criterion proposed by default on main FE codes) 

- “large mesh”: the size of the mesh is increased (123 956 elements for the dam instead 
of 292 233). 

 
Figure 12: Displacement of the crown cantilever for variable meshes and convergence criteria 

As shown on the following figure, the insensitivity of the results to the size of the elements 
confirms the reliability of the initial mesh. 

The reduction of the convergence criterion affects the displacements results by increasing the 
displacement results. The convergence in force is usually reached before the convergence in 
displacement. It appears that in this case the convergence of the displacements results in 

   Summer conditions                                         Winter conditions 

     Summer conditions                                              Winter conditions 
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during the cycling load is not easy to fully reached, and usual criterion should probably be 
decreased. 

4.5 Sensitivity analysis on the cracking law 

All crack models are described in the online documentation of TNO Diana. 

In this section, a sensibility analysis has been conducted on the shear behaviour of the cracks 
once opened. The reference case is the Total strain crack model, with fixed orientation (see 
§2.2). This model is preconized by TNO Diana when ACI recommendations are used. The 
shear behaviour can be set by decreasing the shear stiffness. The following residual shear 
stiffnesses have been considered: 25% and 75% shear retention instead of 1% for the 
reference case (this excessively low coefficient has been chosen for benchmark purpose, in 
order to maximize non-linear behaviour). 

The Total strain crack model, with rotating cracks, has also been tested. This model is 
recommended by TNO when the Eurcode 2 are applied. In this model, the crack direction is 
not fixed and follows the principal stress direction. 

 
Figure 13: Displacement of the crown cantilever for variable cracking laws 

According to the displacements shown in figure 13, the shear behaviour plays as expected a 
major role on the displacements. Both the increase of shear retention and the choice of a 
“rotating orientation” reduce the global deformation of the dam. The introduction of 
significant shear retention tends to erase the differences between the first and second severe 
seasons. The drift is reduced to less than 1 mm. 

4.6 Sensitivity analysis on the tensile behaviour of the material (softening) 

Comparison is made below, between the reference case (brittle behaviour of cracks) and 
variants, namely linear tension softening laws, with variable fracture energies (250 N/m, 
400 N/m, and 600 N/m); it can be referred to the TNO Diana online manuals for more details. 

       Summer conditions                                       Winter conditions 
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Figure 14: Brittle vs. linear softening laws 

 
Figure 15: Displacement of the crown cantilever for variable fracture energies 

The addition of a residual resistance after the peak limit reduces, as expected, the 
displacements of the structure. Except for the variant with fracture energy equal to 600N/m, 
the drift between the two cycles of loads seems to stay in the same magnitude. 

5 Conclusions 

5.1 Robustness of the present model 

The model presented in this paper has been tested with a large number of sensitivity analyses. 
In all cases, the simulated general behaviour of the dam remains the same, although there are 
significant changes in the calculated irreversible displacements. 

The model can therefore be considered as robust, even though this particular dam is subjected 
to intense cracking, and presents important nonlinearities in its behaviour. During the 
benchmark presentation, it has been confirmed that the real dam presented similar behaviour. 

5.2 Behaviour of the dam 

The dam is composed of a thin structure subjected to very large thermal loads. The cracks 
pattern plays a major role in the dam behaviour, which is significantly different from a linear 
one: large stresses redistribution is observed. 

The cracks network modifies the interactions between arches and cantilevers and thus reduces 
the hyperstatic behaviour, usually observed on arch dams.  

5.3 Conclusions on the various calculation methods used 

This paper points out the influence of historical loading, and especially of the necessity to 
have limited time steps between mechanical calculations, in order to let the cracking occur 

   Summer conditions                                          Winter conditions 
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progressively. Calculations with different time steps provide significantly different results 
regarding the global displacement of the dam, and moreover regarding the cracking map. 

For this exercise, it can also be noted that there was no effect of the size of mesh (the initial 
one was already very dense). 

Although more comprehensive comparisons should be made, it appears that: 

- Irreversible displacements induced by cracking are strongly influenced by the choice 
of some modelling parameters: for instance, the increase of fracture energy reduces 
significantly the displacements, as well as the increase of shear retention, 

- The irreversible displacement between different loading stages (cyclic effect) also 
very much relies on these factors: the increase of shear retention seems to erase the 
cycle effect, and, as well, the “rotating model” for fractures reduces it strongly. On the 
opposite, the increase of fracture energy does not have any effect on this cycle effect. 

This last point means that, according to the numerical assumptions, the drift of the dam 
between the first and second severe winter (or summer) should only be observed if the cracks 
were opened on smooth surfaces, which is clearly not the case for natural cracking. 

Finally, it seems that usual “1%” criterion used as convergence criterion is likely to have a 
significant impact on results (the alternative calculation with a 0.2% criterion led to an 
increase of about 20% of the maximum displacement of the dam). 

5.4 General conclusions for thermal cracking studies 

It turns out that numerical approaches of cracking can predict in a quite satisfactory way the 
final cracking pattern of a dam, provided the number of calculation steps is sufficient. Yet, 
many choices in modelling assumptions have to be made, even when main mechanical 
characteristics are well defined (modulus, tensile strength…). These choices may have an 
important influence on the results and should be chosen very carefully. 

Since cracking gradually appeared during the 40 years of operation of this thin arch dam, and 
explains the observed downstream irreversible displacement of the dam, it is tempting to try 
to reproduce the cyclic loadings to stick with the history of the dam.  

The cyclic simulation presented in the chapter 4 shows indeed a small drift between 
successive extreme conditions. 

The sensitivity study that has been performed on this simulation highlights the difficulty of 
these cyclic models, since calculated drifts can, in a large proportion, be the consequence of 
the choice of behaviour laws (especially underestimation of shear retention). 

The opinion of the authors is that: 

- Numerical models can predict adequately the long term cracking pattern, 
- The irreversible deformation observed on this thin arch dam probably comes from the 

gradual formation of cracks. It is possible to model it in one step, choosing careful 
parameters on the tensile strength. The long term cracking status of the dam is thus 
obtained, once the cracking has fully developed. 

- If such models are used for the prediction of long term behaviour and irreversible 
deformation and cracking of a dam, it should be considered as good practice to assess 
the sensitivity of some of the parameters on the results. 
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ABSTRACT: The design and maintenance of concrete dams in cold regions is a challenging task, in 
large due to the temperature difference between summer and winter. In order to enhance the knowledge 
of this, theme A of the 14th International Benchmark Workshop on Numerical Analysis of Dams is 
dedicated to the prediction of the extent of cracking in a concrete arch dam due to temperature variations. 
The current study proposes a solution to this using the finite element software COMSOL Multiphysics. 
A global model is set up to analyze the transient temperature variations as well as the displacements 
given the assumption of a linear material behavior. To predict the extent of cracking, a rate-dependent 
isotropic damage model is implemented as an extension of the built-in functionality of COMSOL 
Multiphysics. Furthermore, a submodel is created to allow for a higher mesh resolution in the non-linear 
analysis. The results indicate that the considered arch dam suffers a large risk of cracking due to 
temperature variations, especially on the downstream side. Most cracks propagate during the winter, 
although some cracks appear already when static loads are applied. 

1 Introduction  
Infrastructure such as bridges and dams located in cold regions are often exposed to tough 
environmental conditions, for example large variations in temperatures between summer and 
winter periods. Design and maintenance of structures in these regions therefore present a 
substantial challenge for the engineering community as a whole. To address and enhance the 
knowledge of this issue in relation to concrete dams, the International Committee on Large 
Dams (ICOLD) invited international specialist to solve theme A [1] of the 14th International 
Benchmark Workshop on Numerical Analysis of Dams. The benchmark problem concerns the 
prediction of the extent of cracking due the temperature variations in a concrete arch dam 
located in the northern parts of Sweden using non-linear finite element analysis. 
 
This study proposes a solution to the benchmark problem using the general-purpose finite 
element software COMSOL Multiphysics [2] to analyze the transient temperature and 
displacement variations including crack propagation. The paper is structured as follows. Details 
regarding the mathematical and numerical model are presented in section 2. In section 3, the 
process of setting up a model of the concrete arch dam in COMSOL Multiphysics is described 
including modelling assumptions and choices. Results are presented in section 4, and lastly, in 
section 5, conclusions to the study are presented. 

2 Mathematical and numerical model 
The mathematical model employed for all models is described in the following. All parts use 
built-in functionality of COMSOL Multiphysics [2], except the damage model used to describe 
concrete cracking which is specially implemented for this study. 

2.1 Heat transfer in solids 
The equations of heat transfer in continua are based on the first law of thermodynamics, from 
which the heat balance equation can be derived. Neglecting advective heat flux and heat 
sources, this is, for a solid continuum written as 
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∙ 0,	with	  (1) 

 
where  is the density,  the specific heat capacity and  the absolute temperature. 
Furthermore, Fourier’s law states that the conductive heat flux  is proportional to the 
temperature gradient with the thermal conductivity  being the coefficient of proportionality. 
One of the most common boundary conditions when modeling heat transfer is convective 
cooling or heating. Using a heat transfer coefficient , the convective heat flux across a surface 
is described by 
 

∙  (2) 
 
where  is the surface normal and  the temperature of the external fluid far from the 
boundary. Alternatively, either the surface heat flux	 ∙  or surface temperature are directly 
prescribed. 

2.2 Solid mechanics 
Given an assumption of small displacements and rotations, the engineering strain measurement 
is used to relate displacements  and stains: 
 

1
2

 (3) 

 
where  is the symmetric strain tensor. The equilibrium equations for solid mechanics follows 
from Newton’s second law, which if neglecting inertial terms can be written as 
 

0 ∙  (4) 
 
where  is the stress tensor and  a body force vector. Hooke’s law is then used to relate the 
stress tensor to the elastic strain tensor : 
 

, : , :  (5) 
 
where ,  is the 4th order elasticity tensor that for a isotropic material is given by two 
material constants, e.g. Young’s modulus  and Poisson’s ratio . The thermal strain tensor  
introduced in eq. (5) is calculated as 
 

 (6) 
 
where α is the secant coefficient of thermal expansion,  the strain reference temperature and 
 the 2nd order unit tensor. Either fixed boundary conditions can be applied by prescribing the 

displacement or natural boundary conditions by prescribing the surface traction 	normal to 
the surface, such that ∙ . Additionally, a spring type condition can be applied 
 

∙  (7) 
 
where  is a stiffness tensor and  an initial deformation of the surface. For the dam-rock 
interface, a similar condition is used to approximate the hinge action of the actual dam. This 
can be described as  

∙  (8) 
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where the spring force  is a function of  which are the displacements of the dam 
and rock surface of the interface. The spring force is then set up to be elastic in both tangential 
directions of the interface, but free to separate in the normal direction, i.e. , 0  if 

0. The stiffness of the interface is set as a penalty factor. 

Constitutive model for concrete cracking 
To describe concrete cracking, an isotropic damage model based on the model implemented by 
Gasch and Ansell [3] as an extension to the built-in functionality of COMSOL Multiphysics is 
used. The model modifies eq. (5) by adding a damage parameter : 
 

1 1 , :  (9) 
 
where   is the effective stress. To define  , a scalar measure of strain ̃  is needed to 
characterise the current elastic domain. Here, a smoothed Rankine failure criterion is used: 
 

̃
1

max	 , 0  (10) 

 
where   is the ith effective principal stress. Equation (10) only accounts for tensile failure 
given the positive parts operator and thus crushing is not considered by the model. Given the 
expected unstable behaviour of the arch dam, a modification of the model in reference [3] is 
made to help stabilize the solution. Inspired by the work of Cervera et al. [4], a viscous 
regularization is introduced such that the loading function is written as 
 

ϱϕ ̃ 0 (11) 
 
where  is an internal variable that keeps track of the current damage threshold. Equation (11) 
specifies that the rate of  is always positive and is given by the fluidity ϱ and a scalar flow 
function ϕ on the form 
 

ϕ ̃
max	 ̃ , 0

 (12) 

 
with /  where  is the tensile strength and  being a model parameter; here set to 5. 
The last essential component of the damage model is a damage evolution function which defines 
the growth of  with respect to	 . Using an exponential strain softening law, this is defined as 
 

0 if	

1 if	
 (13) 

 
where  is a parameter that controls the initial slope of the softening curve. To ensure a mesh 
objective solution in that the correct amount of energy is dissipated during softening, the Crack-
band method is used. Hence the global material behaviour is given by a stress-crack opening 
law. However, on the local level of each Gauss point, a unique stress-strain relationship is 
defined from this global behaviour by considering the local element size . This enters the 
model in the definition of  that is given as  

169



2
 (14) 

 
with  being the fracture energy. The local element size  is in this study determined from 
the element volume and using a correction factor to account for the element type, e.g. 
tetrahedral, pyramid or brick. Also the fluidity ϱ should be adjusted based on the element size 
to ensure mesh objective results, following Cervera et al. [4], we define 
 

ϱ ϱ
1

 (15) 

 
where ϱ is a model input parameter. The effect of the viscous loading function in eq. (11) is in 
principle that for high strain rates both   and   are artificially increased depending on the 
value of ϱ. This parameter is here used to stabilize the solution and is given a value of 0.001 
m/s; to be compared to the more realistic values in the region of 800-900 m/s reported by 
Cervera et al. [4] for seismic analyses of concrete dams. 

2.3 Finite element implementation of the mathematical model 
The mathematical model described is implemented by means of the finite element method [2]. 
The main dependent variables  and  are discretized using Lagrange elements with shape 
functions of first or second order (serendipity), while the dependent variable	  of the damage 
model is treated as an internal variable and only exists at element Gauss points. 

3 Modeling of a concrete arch dam in COMSOL Multiphysics 
To solve theme A [1] of the 14th International Benchmark Workshop on Numerical Analysis of 
Dams, two models are set up in COMSOL Multiphysics 5.3. A global model is used to solve 
the heat transfer problem (step 1) and the solid mechanics problem with linear material behavior 
(step 2). The final step to include concrete cracking (step 3) is solved using a submodel that 
only includes a small portion of the global model surrounding the arch dam to allow for a higher 
mesh resolution. 

3.1 Global model 
The description of the global model in the following follows the typical work flow of setting 
up a model in COMSOL Multiphysics [2]. 

Geometry 
The geometry is based on the geometrical model provided by Malm et al. [1] of the concrete 
dam and rock mass, but with some modifications made using the geometry tools available in 
COMSOL Multiphysics. Unnecessary features and details of the model are removed in order to 
obtain a better mesh quality. An additional domain is added below the rock domain to include 
infinite elements to reduce the boundary effects. Infinite elements apply a semi-infinite 
coordinate stretching through a function of a dimensionless coordinate, varying from 0 to 1. 
This means that boundary conditions on the outside of the infinite element layer are effectively 
applied at a very large distance from any region of interest. The geometry used is shown in 
fig. 1, including these infinite elements. 

Material properties 
Different material domains are shown in fig. 1 with all material properties used for the global 
model taken directly from Malm et al. [1]. 
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Heat transfer definition 
The heat transfer physics is described by the physics interface Heat Transfer in Solids in 
COMSOL Multiphysics [2]. This adds a domain condition following eq. (1) as well as the 
appropriate boundary conditions for the respective surface. For all surfaces in contact with air 
and water, the convective type boundary condition described by eq. (2) is used with heat transfer 
coefficients  according to Malm et al. [1]. The two years of ambient temperature provided are 
combined to obtain a continuous temperature history, see fig. 4a. A thermal insulation boundary 
condition is used for surfaces with a normal direction aligned with the global x- and y-axis 
while the temperature of the bottom surface of the infinite elements domain is set to 4 °C. 

Solid mechanics definition 
The mechanical behavior of the concrete and rock is described by the physics interface Solid 
Mechanics in COMSOL Multiphysics [2]. This adds a domain condition following eqs. (3) to 
(6). The body load due to gravity  is non-zero only for the concrete domains. The only 
external load considered is the hydrostatic pressure acting on the reservoir and upstream surface 
of the dam body. A spring condition according to eq. (7) is used on all surfaces aligned with 
the global x- and y-axis, where the spring stiffness  is nonzero only in the normal direction 
of the respective surface. Its normal stiffness is set to E 10 ∙ 200 m⁄  in order to suppress 
rigid body motions without imposing unrealistic thermal stresses. To avoid excessive vertical 
deformations, the infinite elements domain is inactive for the mechanical analysis. Instead 
normal displacements are constrained to zero directly on the bottom surface of the rock domain. 
The dam-rock interface is in a simplified manner accounted for through the non-linear eq. (8) 
by adding a Thin Elastic Layer to the interior boundary. This also adds a boundary coordinate 
system to the interface to allow for separation only in its normal direction. 
 
The reinforcement is described by two Membrane physics interfaces [2], one for the vertical 
direction and one for the hoop direction. These are only active on the downstream and upstream 
surfaces of the arch dam and share degrees of freedom with the concrete domain. The 
reinforcement content described by Malm et al. [1] is accounted for by calculating an equivalent 
thickness of the membrane and the uniaxial behavior by modifying the elasticity tensor  to 
only have stiffness in the direction of the reinforcement bar of interest. 

Multiphysics coupling 
The coupling considered is the thermal strains in eq. (6) that enters the constitutive models of 
the solid mechanics with thermal expansion coefficients according to Malm et al. [1]. To avoid 

 

Figure 1: Geometry and materials of the global model and the submodel. 

171



strain variations of too high order due to temperature variations, the temperature is always 
downsampled to be constant in each finite element in eq. (6). 

Mesh 
The same mesh is used for the thermal and mechanical analyses and both use quadratic shape 
functions. For the arch dam, a triangular surface mesh with a size ~1 m is created and swept 
through the thickness with 5 elements. For the remaining parts, a free tetrahedral mesh is used 
with a size of ~1.5 m for the remaining concrete parts and ~10 m for the rock domain. However, 
a transition to a finer mesh is used close the upper surface, where in addition 4 boundary layers 
are added to better describe the convective heat transfer. The mesh is shown in fig. 2 and has 
in total 335 252 elements. 

Solution procedure 
A one-way coupling from the thermal analysis to the mechanical analysis is used, so these are 
solved in series, although COMSOL Multiphysics [2] allows them to be solved in a coupled 
manner as well. The solution is set up as: 
 
1. Thermal: Transient analysis with an implicit (BDF) time-stepping scheme and a Quasi-

Newton update of the stiffness matrix. 
2. Mechanical: Static analysis with a stationary solver and a parametric sweep to calculate one 

solution each month. A full Newton update of the stiffness matrix is used. 

3.2 Submodel  
The submodel used for the mechanical analysis with non-linear material behavior (step 3) is 
described in the following section, with emphasis on differences compared to the global model.  

Geometry 
The geometry of the submodel is constructed using the geometry tools in COMSOL 
Multiphysics [2] by modifying the global model. It includes the arch dam component, but also 
parts of the adjacent concrete spillway and abutment as well as the rock domain in order to limit 
boundary effects. The geometric model is shown in fig. 1 in relation to the global model. 

Material properties 
The same material properties as for the global model is used, except for the extra material 
properties needed to describe concrete cracking. These are the tensile strength  that is 
prescribed by the formulators [1] to 2.9 MPa and the tensile fracture energy . No value of  
is given which is thus calculated from the prescribed compressive strength following the fib 
Model Code 2010 [5], resulting in a fracture energy of 140.5 J/m2.  

 

Figure 2: Mesh of the global model including an infinite elements domain in the bottom. 
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Solid mechanics definition 
The mechanical behavior of the submodel is set up similarly as that of the global model, with 
the main difference that the model now accounts for cracking in the arch dam domain. This is 
done using the rate-dependent damage model, presented in section 2.2, through the constitutive 
equation (9). The implementation of the model is done using the equation based modelling 
capability of COMSOL Multiphysics [2] and in principle it follows the description by Gasch 
and Ansell [3]. On all boundaries interfacing the global model, the displacements are 
constrained to those of the solution from step 2. As for the global model, gravity is applied to 
the concrete domains and the hydrostatic pressure from the reservoir is applied as an external 
load. Lastly, the dam-rock interface is defined using eq. (8). 

Multiphysics coupling 
The same definition as in the global model is used to account for thermal expansion. However, 
since a higher resolution is used for the submodel, the temperatures are interpolated to fit the 
new mesh. This is done automatically by the software. 

Mesh 
A free tetrahedral mesh with a maximum size of ~8 m is used for all parts except the arch dam. 
There, the mesh is created in a similar fashion as for the global model, but with a finer element 
size. The three different meshes presented in tab. 1 have been used to study the mesh 
convergence of the predicted crack pattern. All mesh elements in the submodel use linear shape 
functions which are preferred when modelling strain localization with the crack-band approach. 

Solution procedure 
The solution of the submodel is set up using an implicit time-dependent (BDF) solver to account 
for the transient crack propagation, however, no inertial effects are considered, see eq. (4). 
Given the non-linear behavior expected, a full Newton update of the stiffness matrix is used. 
The internal variable  and the displacement  are updated in sequence, with an outer iterative 
loop to ensure convergence of each increment. 

4 Results 

4.1 Step 1 – Thermal analysis 
The temperature distribution in the mid-section of the arch dam from step 1 of the benchmark 
problem is shown in fig. 3 for the coldest and the warmest months. Furthermore, three points 
are displayed in the figure, for which the temperature history is shown in fig. 4a together with 
the assumed water and ambient air temperatures. From the time history it can be observed that 
the dam body has a quite significant thermal inertia, where the internal peak temperature lags 
approximately one month compared to the ambient temperatures.  

4.2 Step 2 and 3 – Mechanical analyses with linear and non-linear material behavior 
The displacement history from both the linear analysis in step 2 (solid lines) and the non-linear 
analysis step 3 (lines with markers according to tab. 1) is shown in fig. 4b for the same point as 
displayed in fig. 3. Notice that the three markers almost coincide at each time instance.  

 Table 1: Submodel mesh properties of the arch dam domain.  

 Mesh # Marker Surface grid Thickness No. of elements  
 1 ■ 0.75 m 6 elements ~180 000  
 2 ♦ 0.58 m 8 elements ~363 000  
 3 ● 0.50 m 9 elements ~536 000  
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Comparing the linear and non-linear solutions, it can clearly be concluded that cracking has a 
significant influence on the response of the dam. Already without any temperature effects there 
is a small difference in displacement, which indicates that cracking even occurs when only  
considering static loads. Once temperature effects are active the difference increases, especially 
during the cold months; for Point 2 the displacement is almost doubled during the second cold 
cycle. Cracks hence seem to propagate during winter and are closed during summer cycles.  
 

 (a)  (b) 

Figure 3: Temperature distribution at 120 days (a) and 690 days (b). 

 (a)  (b) 

Figure 4: Time evolution of temperature (a) and X-displacement (b) in the mid-section.  

 (a)  (b) 

Figure 5: X-displacement along vertical line (a) and horizontal line 14 m below the crest 
(b). Solid lines show solution from step 2 and lines with markers (see tab. 1) from step 3.  
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The displacement histories, furthermore, indicate that the deformed shape of the dam changes 
due to cracking, since points 1 and 2 almost coincide during the cold cycles while they differ 
substantially for the linear analysis. This can be further confirmed by looking at the deformed 
shapes along the vertical center line of the dam shown in fig. 5a. It is clearly evident that a 
major non-linearity due to cracking appears close to mid-height of the dam, while the 
displacement at crest height returns to a value closer to the linear solution. Also the deformed 
shape along the dam changes as seen in fig. 5b, although not to the same extent. A further 
comparison can be made by looking at contour plots of the displacements for the linear analysis 
in fig. 6a-b and the non-linear analysis in fig. 6c-d.  
 
Figure 7 shows the predicted crack pattern and crack width at the first and second cold cycles 
viewed from the downstream side. It can, again, be concluded that the majority of crack 
propagation occurs during the second cycle. The crack pattern is dominated by tangential cracks 
that curve toward the dam-rock interface. A few diagonal cracks adjacent to the abutment also 
appear. These are visible on both the downstream and upstream surfaces and have propagated 
through the entire thickness of the dam; this might be very important when considering 
deterioration process and the durability of the dam. The crack width is calculated as 
max ̃, ∙  and should be viewed as the total crack width smeared in each finite 

element. Although crack widths up to 3.5 mm are visible it is difficult to draw detailed 
conclusions since it could be extreme values due to local effects. Also, the mesh is likely still 
too coarse to predict individual cracks as seen in-situ. Furthermore, the reinforcement helps 
smearing out the cracks as long as it stays in the elastic regime; a maximum reinforcement stress 
of approximately 330 MPa is predicted, which is close to, but below, the yield strength reported 
by Malm et al. [1].  
 
The difference in response of the three meshes (tab. 1) considered for the submodel are 
presented in fig. 4b and fig. 5. Although no proper mesh convergence is expected due to the 

 
a) 120 days 

  
b) 690 days 

 
c) 120 days 

 
d) 690 days 

Figure 6: X-displacement from step 2 (a-b) and step 3 using mesh 3 (c-d). Scale factor 300. 

 
a) 330 days 

 
b) 690 days 

Figure 7. Crack width on the downstream surface of the dam from step 3 using mesh 3. 
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mesh dependency of a crack-band approach, overall the solutions seem to give similar results 
when looking at the displacements where the curves almost overlap. Furthermore, the crack 
patterns in fig. 8 qualitatively show a good agreement for all three meshes with clearly localized 
crack bands in the same part of the mid-section. 

5 Conclusions 
The study proposes a solution to theme A [1] of the 14th International Benchmark Workshop 
on Numerical Analysis of Dams using COMSOL Multiphysics [2]. The thermal analysis and 
the mechanical analysis with linear material behavior were solved using a global model 
including a large rock domain. For the analysis with non-linear material behavior a submodel 
was used. This greatly reduced the size of the non-linear model and allowed a higher resolution 
while maintaining a reasonable computational time. Cracking was described with a specially 
implemented rate-dependent isotropic damage model. The rate-dependency proved very 
important and useful to obtain a stable solution, which is often a major difficulty in the non-
linear analysis of large concrete structures. 
 
The performed analyses indicate that the considered arch dam suffers a large risk of cracking 
on the downstream side due to temperature variations; especially when the air temperature is 
below the water temperature as during winter. Most cracks do not propagate through the dam 
body which is good for the durability and safety of the dam. However, a few cracks close to the 
abutment do, which might be a concern. Overall, the proposed solution to the benchmark 
problem seems to be able to predict a realistic crack pattern for the concrete arch dam caused 
by temperature variations.  
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Mesh 1 

 
Mesh 2 

 
Mesh 3 

Figure 8: Active crack pattern at 690 days for the three different meshes used in step 3 
shown for half the dam including the mid-section. Dark color shows 0.1 mm. 
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ABSTRACT: This benchmark workshop on numerical analysis of dams deals with seasonal 
temperature variations with high gradients and its effects on an arch dam. Linear and nonlinear 

analyses, regarding the material model, are performed for a 2-year period of a cold year followed by a 
warm year. In the nonlinear case, the damaged plasticity model for concrete according to Menetrey 

and Willam is used. The nonlinear analysis of the arch dam shows some significant differences 
compared to the linear analysis, which are directly attributable to the nonlinear effects of relaxation. 
Rearrangements of stresses lead to a change in the expected crack pattern, decrease of the minimum 

displacements and an increase of the maximum displacements. Nevertheless, for investigations 
regarding possible areas subjected to cracks, linear analysis can deliver a first guess, but cannot predict 

crack directions and extent. It can be concluded, that for such investigations of a dam structure, 
nonlinear analyses are prerequisite. Especially in the case of preliminary studies of dam structures 

subjected to high temperature gradients, because foreknowledge leads to decisions regarding necessary 
structural measures in the planning phase. 

1 Introduction and problem description 
The focus of this benchmark theme [1] is the analysis and verification of concrete cracking 
subjected to seasonal temperature variations of an arch dam. The contributors are intended to 
use different nonlinear material models, meshes, temperature analyses types (steady-state or 
transient) and boundary/contact formulations. The geometry, standard material parameters, 
loads and temperatures are well defined by the formulators in [1]. Specific properties for 
nonlinear materials are intended to be chosen by the formulators, as well as contact formulations 
for the interface between the dam body and the rock foundations. 
The formulators provided geometry files in STEP- and ACIS-format. The model in these files 
are already split in two parts in general, the rock foundation and dam body. The dam body 
includes a footing at the orographic left side and the spillway on the orographic right side. 
The concrete arch dam has a height of approx. 40 meters and a crest length of 170 meters. The 
crest has a radius of 110 meters. The boundaries of the rock measure approx. 193 meters times 
225 meters, with a maximum height of 60 meters. 

 

Figure 1: Dam model (left) and reinforcement (right) in the dam body.  
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According to the formulators the dam also has 3 reinforcement layers.  
• Upstream: 1 layer 

o Horizontal and vertical reinforcement bars with 25mm in diameter and a spacing 
of 300mm, with a concrete cover of 100mm. 

• Downstream: 2 layers 
o 1st layer: Horizontal and vertical reinforcement bars with 25mm in diameter and 

a spacing of 300mm, with a concrete cover of 100mm. 
o 2nd layer: Vertical reinforcement bars with 25mm in diameter and a spacing of 

300mm, with a concrete cover of 200mm. 

2 The finite element model 
Based on the geometry provided, the mesh of the finite element model is prepared using 
ANSYS 18.1 [7]. Dependent on the analysis, transient temperature analysis and mechanical 
analysis, the mesh is slightly different. Table 1 summarizes the mesh properties of the parts and 
the different analysis types. Figure 2 depicts the mesh of the rock foundation, the arch dam 
body and the reinforcement. 

Table 1: Summary of the mesh of transient thermal analysis and the mechanical analysis. 

 Transient thermal analysis Mechanical analysis 
Formulation 8 Node linear brick 8 Node linear brick 

Nodes 67400 470000 
Elements 65500 475000 

Characteristic size of the 
Dam/Reinforcement mesh 1.0 m 0.5 m 

Characteristic size of the 
Rock foundation mesh 4.0 m – 7.0 m 1.00 m – 8.0 m 

 

  
Figure 2: Mesh of the rock foundation, the arch dam body and the reinforcement. 

The reinforcement shell elements have a thickness of 1.64 mm, which corresponds to the area 
of the reinforcement per meter (Areinf/a = 490.9 mm²/300 mm = 1.64 mm) defined by the 
formulators in [1]. The shell elements are embedded and coupled to the concrete arch dam. Due 
to the fact, that such couplings are done on a nodal basis, care is taken, that the nodes of the 
elements of the dam and the reinforcement are approx. at the same location.  

2.1 Material properties 
Overall 3 different materials (concrete, reinforcement steel, rock) are defined by the formulators 
in [1]. Except for the concrete no additional material properties must be defined. 
For the simulation of the cracking in the arch dam, the constitutive model for concrete plasticity 
according to Menetrey-Willam [5] is used, which is based on Willam-Warnke [6] yield surface. 
Hence, additional parameters must be defined. Table 3 summarizes all parameters, which are 
necessary for the definition of the concrete softening in compression and tension. Figure 3 
illustrates the softening curves and their parameters. The area specific fracture energy (area 
under the softening curve) has been derived from a former project at Dynardo GmbH in 
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cooperation with a customer performing physical model tests on precast concrete walls. The 
numerical model for the test setup has been calibrated with the help of ANSYS optiSlang® [8] 
resulting in realistic crack patterns and fitting load-displacement curves.  

Table 2: Standard concrete material properties [1]. 

Property Value Unit 
Youngs-modulus 33 GPa 
Poisson’s ratio 0.2 - 
Density 2300 kg/m3 
Compressive strength 38 MPa 
Tensile strength 2.9 MPa 
Thermal expansion 1.00E-05 K-1 
Thermal conductivity 2 W/(m*K) 
Stress/strain free temperature 4 °C 
Specific heat capacity 900 J/(kg*K) 

 

Table 3: Additional specific concrete material properties for the use of the Menetrey-Willam 
concrete plasticity material model with exponential softening. 

Property Value Unit 
Uniaxial tensile strength  2.9 MPa 
Biaxial compressive strength 38 MPa 
Uniaxial compressive strength 31.7 MPa 
Dilation angle 15 ° 
Relative stress level Ωcu at κu  0.85 - 
Plastic strain at uni-axial compressive strength κcm 0.00124 - 
Plastic strain defining start of exponential softening κcu 0.0027 - 
Relative stress level at start of hardening Ωci 0.4 - 
Residual relativ stress level in compression Ωcr 0.2 - 
Residual relativ stress level in tension Ωtr 0.01 - 
Area specific fracture energy 200 Nm/m² 

 
Figure 3: Exponential softening in compression and tension from the ANSYS Manual [7]. 

The reinforcement material properties for the thermal and mechanical analysis are summarized 
in Table 4. The material model for the reinforcement is chosen to be nonlinear with multilinear 
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isotropic hardening as depicted in Figure 4. The additional reinforcement with only vertical 
bars on the downstream side has orthotropic material properties with reduced Youngs-modulus 
and shear modulus in horizontal direction by a factor of 1000. 

Table 4: Reinforcement material properties [1]. 

Property Value Unit 
Youngs-modulus 200 GPa 
Poisson’s ratio 0.3 - 
Density 7800 kg/m3 
Yield stress 360 MPa 
Ultimate strength 600 MPa 
Ultimate strain 0.15 - 
Thermal expansion 1.00E-05 K-1 
Thermal conductivity 39 W/(m*K) 
Stress/strain free temperature 4 °C 
Specific heat capacity 450 J/(kg*K) 

 
Figure 4: Stress-strain relationship for the nonlinear reinforcement. 

The rock material properties for the thermal and mechanical analysis are summarized in 
Table 5. The material model for the rock is completely linear elastic and isotropic. 

Table 5: Rock material properties. 

Property Value Unit 
Youngs-modulus 40 GPa 
Poisson’s ratio 0.15 - 
Density 2700 kg/m3 
Thermal expansion 1.00E-05 K -1 
Thermal conductivity 3 W/(m*K) 
Stress/strain free temperature 4 °C 
Specific heat capacity 850 J/(kg*K) 

2.2 Thermal conditions and loads 
In the thermal analysis, the temperatures are defined as ambient air temperatures, hence 
convective heat transfer coefficients are necessary. The recommended parameters according to 
[1] are summarized in Table 6.  
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Table 6: Convective heat transfer coefficients [1]. 

 

Convective heat 
coefficient 
W/(m2 K) Unit 

Downstream surface 
of the arch dam – air 4 

The downstream surface should be considered 
to have lower conductive heat coefficient 
compared to other concrete surfaces. (the 
reason is that there is usually some heat 
insulating material installed on the downstream 
surface on dams in Sweden) 

Concrete – air 13 For all surfaces exposed to air, except the 
downstream surface of the arch dam. 

Concrete – water 500  
Concrete - rock 1000  

Rock – air 13  
Rock – water 500  

 
A transient thermal analysis is performed to calculate the temperature distribution in the rock 
foundation and arch dam body. The monthly temperatures for a cold and warm year are 
provided in [1]. Two whole years are simulated for the varying temperature starting with a cold 
year followed by a warm year. The starting month is June which has a temperature close to the 
strain free temperature of the concrete and rock according to Table 2 and Table 5 (However, 
the simulation starts with April, because for the vice versa case with a warm year starting, the 
strain free temperature is close in April and the comparisons might be easier). Figure 5 
illustrates the temperature variation, applied to the transient thermal simulation, over 2 years. 

 
Figure 5: Temperature variation applied to the transient thermal simulation; Starting with a 

cold year, followed by a warm year. 
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2.3 Mechanical loads 
The mechanical loads on the model are the deadweight of the arch dam, the hydrostatic load 
for full reservoir conditions (water level = crest level) and the contraction/expansion loads 
coming from thermal strain due to the 2-year period of temperature variation computed in the 
subsequent transient thermal analysis. Construction steps and the gravity on the rock mass are 
neglected. 

2.4 Boundary conditions and contact definitions 
The boundary conditions are defined at rock foundation boundaries and the orographic right 
end of the spillway. The displacements normal to these boundaries are prohibited. Hence, only 
tangential displacements are allowed. 
The contact definitions between the arch dam and the foundation interface are defined to follow 
a “rough” formulation. Such contacts prohibit relative displacement, but allow for openings. 
This assumption is considered as a post-cracked condition, therefore, no tensile stresses, only 
shear stresses are transferred at the interface of these two bodies. The left footing and the 
spillway are also not connected to the foundation on the upstream side (post-cracked condition). 
In case of the linear analysis the rough contact is still active. 

2.5 Analysis types 
Overall three analyses are performed with the parameters and assumptions described in the 
former sections: 
 
1. Transient thermal analysis over a period of 2 years. Cold year – Warm year. 
2. Linear static analysis (only material linear, contact definition as described in section 2.4 still 

active)  
3. Nonlinear static analysis over a period of 2 years. Cold year – Warm year. 
 
For both, the linear and nonlinear analysis, the applied load steps are the same: 
 
1. Deadweight (Gravity load on the dam) 
2. Hydrostatic water load 
3. Temperature variation from the preceding transient thermal analysis 

3 Results 

3.1 Results of the thermal analysis 
Figure 6 shows the maximum temperature, which occurs in July and the minimum temperature, 
which occurs in January from the transient thermal analysis. 

 
Figure 6: Temperature distributions in the dam body in July (left) and January (right). 
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3.2 Results of the linear mechanical analysis 
Figure 7 and Figure 8 show the maximum resultant displacement at the dam body of the linear 
analysis for the coldest month January and the warmest month July, respectively. 

 
Figure 7: Contour plot of the x displacement [mm] in January (coldest month). 

 
Figure 8: Contour plot of the x displacement [mm] in July (warmest month). 

Figure 9 shows the maximum principal stresses at the dam body of the linear analysis over all 
time instants. Red areas are illustrating the areas which are exceeding the tensile strength of 
2.9 MPa, i.e. the areas that may be subjected to cracking. 

 
Figure 9: Contour plot of the maximum principal stresses [MPa] – envelope over time. 

Figure 10 illustrates the vector components of the principal stresses. Red lines indicate tensile 
stress components, which highlight possible areas that may be subjected to cracking. 

 
Figure 10: Vector plot of the principal stress – envelope over time. 
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3.3 Results of the nonlinear mechanical analysis 
Figure 11 and Figure 12 show the maximum resultant displacement at the dam body of the 
nonlinear analysis for the coldest month January and the warmest month July, respectively. 

 
Figure 11: Contour plot of the x displacement [mm] in January (coldest month). 

 
Figure 12: Contour plot of the x displacement [mm] in July (warmest month). 

Figure 13 shows the equivalent plastic strain at the end of the simulation (2 years, cold-warm 
year) at the dam body of the nonlinear analysis on the downstream side. Red areas are indicating 
areas that are subjected to cracks. Therefore, the maximum allowed plastic strain is chosen to 
be εp > 0.3‰. Figure 14 shows the same results for the upstream side of the dam body. 

 
Figure 13: Downstream view of the equivalent plastic strains at the end of the simulation 
(2 Years, Cold-Warm Year); Red areas are subjected to cracks (εp > 0.3‰ plastic strain). 

 
Figure 14: Upstream view of equivalent plastic strains at the end of the simulation (2 Years, 

Cold-Warm Year); Red areas are subjected to cracks (εp > 0.3‰ plastic strain). 
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3.4 Comparison of the linear and nonlinear mechanical analysis 
In this section, the linear and nonlinear displacements along three different lines of the dam 
body are compared. All displacements are shown in x-direction (upstream to downstream). 

 

 

Figure 15: Comparison between linear and nonlinear displacements envelopes over the 2-year 
period at the mid-section on the downstream side of the dam in x-direction. Adjusted to be 

zero at the base. 

  

  

Figure 16: Comparison between linear and nonlinear displacements envelopes over the 2-year 
period along the crest and along a line 14m below the crest in x-direction. 
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4 Conclusion 
The nonlinear analysis of the arch dam in this benchmark workshop shows some significant 
differences to the linear analysis. The displacements show variations at the crest and at mid 
height up to 10 mm for the minimum and maximum envelope over the whole period of 2 years. 
These differences are directly attributable to the crack pattern at the downstream surface of the 
arch dam, which are leading to a relaxation of the structure. This effect leads to a decrease of 
the minimum displacements and an increase of the maximum displacements. 
Comparing the linear principal stress vector plot and the crack pattern in the plastic strain plot 
reveals some similarities. Some areas with maximum principal vectors coincide with cracked 
areas from the nonlinear analysis, especially at the left footing and areas near the downstream 
bottom line. Hence, for investigations regarding areas subjected to cracks, linear analysis can 
deliver a first guess, but cannot account for structural relaxation and rearrangements of stresses, 
accompanying crack direction and extent. For instance, the contour plot of the maximum 
principal stresses of the linear analysis shows areas where the maximum allowed tensile stress 
of 2.9 MPa is exceeded. Hence, the conclusion out of a linear analysis would be, that the whole 
downstream side must be subjected to cracks, which cannot be the case from a practical point 
of view. 
It can be concluded, that for investigations of a dam structure, regarding areas subjected to 
cracks, nonlinear analyses are prerequisite. Especially in the case of preliminary studies of dam 
structures subjected to high temperature gradients, because the foreknowledge leads to 
decisions, whether reinforcement is necessary in some areas or even not. It should be kept in 
mind that the temperature variation plays a non-negligible role, especially the effects of a cold 
year followed by a warm year, or vice versa. Furthermore, Additional cycles of annual 
variations might be necessary to deliver elaborated results in some cases. 
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ABSTRACT: Thin arch dams in extreme climate are prone to surface cracking. Different structural 

solutions are available in different countries but there is no comprehensive review or guideline of best 

practice for design and construction. The paper presents alternative approaches to investigate the 

behavior of a selected thin arch dam located in Northern Sweden in a wide valley, operated year round 

with constant water level. The dam deformation and stresses are computed from a model built up 

using the commercial software ®ANSYS mechanical APDL, under transient temperature loading 

conditions from extreme cold to extreme warm periods. Tensile stresses on the downstream (airside) 

face are the highest for the coldest month, exceeding the mean tensile strength of the dam concrete 

over large areas with high values of facture energy. Dam face reinforcement is modelled numerically 

with skin (shell) elements, seems to have little role in reducing numerically the cracked zones.  

1 Introduction 
Arch dams in northern and alpine environments are subjected to large temperature variations 

across seasons. The state-of-the-art practice is to consider thermal load cases as usual, 

normally not combined with dynamic (seismic) or flood scenarios. The temperature loading 

generally leads to dam airside heating in summertime and cooling in wintertime. Changes to 

this generic trend often occur due either to specific climate for a given location or specific 

reservoir operation practice (i.e. filling/drawdown), as function of reservoir water 

temperature, air ambient temperature and concrete and foundation heat transfer properties. 

The present paper focus on a specific arch dam situated in a wide valley in Northern 

Sweden. The straight crest length to dam height ratio is 4.25 (reduced by the appurtenant 

spillway on the right bank). The dam is fairly thin considering the valley shape. The dam is 

operated year-round close to full, meaning there is little variation in the hydrostatic loading 

but large variation in the temperature loads (60° to 70° degree amplitude). Similar cases 

reported in literature (Schleiss & Poutgasch 2011) indicate that the cantilevers are refrained 

by the crest arch in the center of the valley. Thin arches are more sensitive to stress 

concentration both in terms of compressive and tensile stresses from load redistribution in 

case of cracking, such as derived from rigidity gradients between the dam and the abutments 

and/or the foundation.  

There are steel bars along both downstream and upstream faces of the studied dam. Such 

reinforcement is said to contribute to concrete crack mitigation. In fact, if the reinforcement is 

designed to balance the tensile stresses released from concrete in the event of cracking, 

unstable crack propagation may be controlled. In this case a stabilized crack pattern 

constituted by an array of cracks with fairly constant spacing may be assumed to develop. The 

amount of reinforcement required to ensure stable crack propagation depends on the tensile 

stress distribution across the thickness of the dam, which is in turn a function of the transient 

temperature distribution. This paper presents a study of the behavior of the dam when 

subjected to extreme temperature gradients, considering different possibilities to model the 

dam-foundation contact and characteristics, as well as the skin reinforcement of the arch dam. 
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2 Methodology 

2.1 FE model and boundary conditions 

According to the provided material [2], the geometric model comprises several finite element 

models. There are two element types: penta and hex, using first order elements. The average 

size of the units is 0.75m. The elements number of the dam is 100’981, and the elements 

number of the foundation is 310’464 (Figure 1, left). 

                   

Figure 1 - The FE model of the dam and foundation: left, downstream view, right, detail of skin shell 

elements (yellow elements represent the main dam, and the red elements represent the reinforcement, 

and the black elements represent the concrete cover). 

Both the upstream and downstream surfaces of the dam contain reinforcement grids. The 

upstream surface has one layer of horizontal bars and one layers of vertical bars, and the 

downstream surface has one layer of horizontal bars and two layers of vertical bars. Each 

layer of reinforcement is simplified into a layer of continuous shell elements in our analysis. 

According to the deformation of bars reinforcement model and shell element model under the 

same load, the behavior of the bars reinforcement on upstream surface is the same as a layer 

of shell elements with same material and thickness of 0.01145m, and the bars reinforcement 

on downstream surface is the same as two layers of shell elements with thickness of 

0.01145m and 0.00567 m. It is assumed that reinforcement is perfectly connected to the 

concrete. Figure 1 (right side) shows the profile of the dam. The physical and mechanical 

material parameters for steel, rock and concrete included in the analysis are show in Table 1. 

Only one quality of concrete is used in all parts of the monolith. 

Table 1 - Physical, mechanical, and thermal data for concrete, rock, and reinforcement steel [1]. 

 Concrete Rock Steel 

Density 2300 kg/m3 2700 kg/m3 7800 kg/m3 

Modulus of elasticity 33 GPa 40 GPa  200 GPa 

Poisson’s ratio 0.2 0.15 0.3 

Tensile strength 2.9 MPa / / 

Fracture energy 140.5 N/m or Nm/m2 / / 

Thermal dilation coef. 0.00001℃-1 0.00001℃-1 0.00001℃-1 

Heat conductivity 2 W/(m℃) 3 W/(m℃) 39 W/(m℃) 

Heat capacity 900 J/(kg℃) 850 J/(kg℃) 450 J/(kg℃) 

Convective heat 

transfer coef. 

Downstream surface (air), 4 W/(m2℃) (air),  13 W/(m2℃) 
/ 

Upstream surface (water), 500 W/(m2℃) (water), 500W/(m2℃) 

 

2.2 Thermal analysis 

Thermal analysis is transient analysis. A 40-year long series of air and water temperatures is 

used to generate a random series of air and water temperature for 5 years. The 5-year series is 

used to generate the initial temperature field acting on the dam. Then we add a sixth year as 

the hottest year, and a seventh year as the coldest year. The convective boundary condition is 

defined using the temperature sequence shown in Figure 3. 
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2.3 Linear elastic mechanical analysis 

The linear elastic structural analysis considers the temperature field obtained in section 2.2, 

and taking into account the water load, gravity load and temperature load. The gravity load is 

applied only to the dam. In linear elastic mechanical analysis, the temperature load is time-

independent and uses the instantaneous temperature distributions corresponding to the highest 

and lowest temperatures. As for the supports, a fixed constraint conditions is applied at the 

bottom of the model, and normal constraint is applied at the peripheral zone of the model. As 

the interface of the dam and the foundation is made of asphalt coating, the foundation can 

restrain the displacement of the dam foundation, but allows rotation (Figure 4a). This design 

aims at preventing excessive tensile stress at the dam heel. Two models are used in this study: 

A. The dam is separated (disconnected) from the foundation, as well as the spillway on 

the right bank and the concrete block on the left bank; we use interface elements to 

simulate the interface of the dam and foundation. The friction of the interface is 0.4, 

and there is no cohesive strength; 

B. The dam is connected to the foundation, as well as the spillway on the right bank and 

the concrete block on the left bank; we reduce the material rigidity of the upstream 

surface of the dam foundation, in order to reduce the tensile stress at the heel of the 

dam. One layer is built at the interface of the dam with the foundation, the spillway 

on the right bank and the left bank abutment with different material properties from 

upstream to downstream (Figure 3c). 

 

 

Figure 2 - The water and air temperature sequence generated by the temperature data 

 

   
 

Prototype 

i) 

Model A 

ii) 

Model B 

iii) 

Figure 3 – Dam-foundation interface models, i) according formulators [1]; ii) Model A with 

“detached” model ; iii) model B, with variable material Young modulus respectively as follows: 11 

GPa (upstream), 22 GPa (middle) and 33 GPa (downstream section). 

2.4 Nonlinear mechanical analysis 

The nonlinear material model used in this analysis is an integrated part of ®Ansys APDL, 

developed for concrete. This material model is called “Concrete” in Ansys APDL, which 

predicts the failure of brittle materials and is available with the concrete element Solid65. 
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Both cracking and crushing failure modes are accounted for. The criterion for failure of 

concrete due to a multiaxial stress state is as follows: 
𝐹

𝑓𝑐𝑟
− 𝑆 ≥ 0 

Where F is a function of the principal stresses state in principal directions and S is failure 

surface expressed in terms of principal stresses and five input parameters 𝑓𝑡 , 𝑓𝑐 , 𝑓𝑐𝑏 , 𝑓1 and 𝑓2 

defined in Table 2 and 𝑓𝑐𝑟 is uniaxial crushing strength. Figure 5 represents the 3-D failure 

surface for state of stress that are biaxial or nearly biaxial. 

Table 2 - Input parameters for “Concrete” material model 

Label Description Value 

𝑓𝑡 Ultimate uniaxial tensile strength 2.9MPa 

𝑓𝑐 Ultimate uniaxial compressive strength 38MPa 

𝑓𝑐𝑏 Ultimate biaxial compressive strength 45.6MPa 

𝑓1 
Ultimate compressive strength for a state of biaxial compression 

superimposed on hydrostatic stress state 
55.1MPa 

𝑓2 
Ultimate compressive strength for a state of uniaxial compression 

superimposed on hydrostatic stress state 
65.55MPa 

 

 

Figure 4 –Left, failure surface in principal stress space with nearly biaxial stress [3], right, complete 

strain and stress curve of the used concrete. 

Cracking is permitted in three orthogonal directions at each integration point. If cracking 

occurs at an integration point, then cracking is modeled through an adjustment of material 

properties which effectively treats cracking as a “smeared band” of cracks, rather than 

discrete cracks. If the crack is open, a shear transfer coefficient 𝛽𝑡 (0.3 in this analysis) is 

introduced which represents a shear strength reduction factor for those subsequent loads 

which induce sliding across the crack face. If the crack closes, then all compressive stresses 

normal to the crack plane are transmitted across the crack and only a shear transfer coefficient 

𝛽𝑐  (0.8 in this analysis) for a closed crack is introduced. If cracking occurs, the curve in 

Figure 4 (left) describes the behavior, where 𝜀𝑐𝑘 represents the tensile cracking strain and 𝑇𝑐 

represents a multiplier for amount of tensile stress relaxation. 𝑅𝑡  defines the stiffness at 

unloading, assumed to be secant. The fracture energy computed according the expression 

given by Model Code 2010 is 140.5 Nm/m
2
 and 𝑇𝑐 is 0.22. The uniaxial compressive curve is 

calculated according to Eurocode 2. Together with the tensile cracking curve, the behavior of 

concrete is now fully defined and shown on the right side of Figure 4. 

In this simulation, we use displacement convergence criterion with tolerance value 0.001. 
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3 Results 

3.1 Thermal analysis 

The temperature difference between the upstream surface and downstream surface of the dam 

is result from the temperature difference between water and air. At the warmest month, the 

temperature range on the dam is between 5.64℃ and 19.43℃. At the coldest month, the 

temperature range is between -24.96℃ and 0.03℃. 

 

 

Figure 5 - Temperature field at the dam’s main cantilever: left) warmest month, right) coldest month. 

3.2 Linear elastic mechanical analysis 

 

3.2.1 Foundation with detached and cohesionless interface (model A) 

Figure 6 (left) presents the deformation along line 1 in X direction (from upstream to 

downstream), where “Static” represents the deformation considering water and gravity loads, 

with an amplification factor of 200. Figure 7 shows the deformation along line 2 and line 3, 

with an amplification factor of 200. 

 

 

Figure 6 - Downstream dam face XZ displacement (line 1) under three load conditions (static, 

minimum monthly temperature, maximum monthly temperature), considering a detached interface 

(model A), amplified 200 times. Right: position of the three reference lines for result analysis [1]. 

In the case with cohesionless/detached interface (model A), the dam deformation is large, 

even without the temperature load: the maximum displacement is 111.28 mm, at the dam crest. 

At the lowest temperature, the displacements of the downstream surface are the largest, 

reaching 163.75 mm. In addition, the dam body deforms rather asymmetrically, with the left 

bank region moving upstream. The maximum upstream displacement is -27.35 mm, occurring 

with the maximum temperature. As shown in Figure 6, the deformations of the dam are 

unreasonable for such an arch dam, even without considering the temperature load. 
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Figure 7 - Cross-valley downstream dam face XY displacement (lines 2 and 3) under three load 

conditions (static, minimum monthly temperature, maximum monthly temperature), considering a 

detached interface (model A), shown with an amplification factor of 200. 

 

Figure 8 - Maps with first principal stresses on the upstream and downstream surfaces, respectively for 

the highest and lowest temperature, with cohesionless interface at the foundation (model A). 

Concerning stresses, the most unfavorable conditions at the upstream surface occur at the 

highest temperature, and at the downstream surface at the lowest temperature, as shown in 

Figure 8. The gray area is the region where the first principal stress is lower than the tensile 

strength (2.9 MPa, average value [2]). In the upstream surface, the region in which the tensile 

stress exceeds 2.9 MPa is small. However, the tensile strength is exceeded in a large area of 

the downstream surface, with a maximum value of 7 MPa. As expected, there is no significant 

tensile stress in the heel because the dam body is assumed free to rotate. 

 

3.2.2 Connected hinge-type interface (model B) 

Figure 9 shows the deformation along line 1 in X direction, where Static represents the 

deformation, obtained with water and gravity loads, with an amplification factor of 200. 

Figure 10 shows the deformation along line 2 and line 3 without any load, and with an 

amplification factor of 200. 

The deformation of the dam with connected interface (model B) is lower than that with 

cohesionless interface (model A). Under the highest temperature, the crest area deforms in 

upstream direction.  At the lowest temperature, the deformation of the dam downstream is the 

largest, reaching a displacement of 41.56 mm. Overall, the deformation of the dam is regular. 

Concerning stresses, the tensile stresses are below the assumed tensile strength everywhere in 

the dam at the instant of maximum temperature. The lowest temperature leads to the most 

unfavorable condition. Large tensile stresses develop at the heel, reaching up to 18 MPa. 

However, these stresses are rather local and the absolute values are due to the crude modelling 

of the dam foundation. For the downstream surface, the tensile stresses exceed the tensile 

strength over a large area, reaching values around 7 MPa, with few spots around 9 MPa. 

Figure 11 shows the first principal stress maps in the upstream and downstream surfaces 

under the most unfavorable condition with connected interface. 
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Figure 9 - The deformation along line 1 with connected interface 

 

Figure 10 – Cross-valley deformation (lines 2 and 3), connected interface (B), amplified 200 times. 

 

Figure 11 - Maps with the first principal stress on the upstream and downstream surfaces under the 

most unfavorable condition with connected interface. 

3.3 Nonlinear mechanical analysis 

The nonlinear mechanical analysis uses the connected interface model (model B-NL). Since 

the coldest month is the unfavorable moment, the coldest temperature field is used as the 

temperature load. We slowly add the temperature load and increase it until the coldest month, 

from a favorable condition.  The deformation of the dam under coldest temperature in three 

lines with an amplification factor of 200 is shown in Figure 12. Because the concrete cracks 

during the process of temperature reduction, the first principal stress of the whole dam is 

lower than tensile stress strength.  

Figure 13 shows the first principal stress of upstream and downstream surface of the dam 

under coldest temperature. Figure 14 shows the cracking area of the downstream surface at 

coldest temperature. The red symbol means the element cracks at its integration point as the 

first crack and the green symbol means the second crack on another plane. Since the tensile 

stress of almost the whole downstream surface is beyond the strength, the entire surface 

cracks on the first plane at the beginning and then with the temperature reduction, the second 

cracks spread the downstream surface. 
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Figure 12 - The deformation along lines 1, 2 and 3.  

 

Figure 13 - The first principal stress of the dam under coldest temperature 

Figure 15 shows the details of cracking area at dam bottom. The red symbol shows the 

cracking area and cracking direction of each integration point. The X symbol means the crack 

closes after cracking and the green symbol shows the second crack and the blue symbol 

shows the third crack. At dam heel, the cracking direction is towards the downstream. On the 

downstream surface, the cracking direction is toward the banks. Some of the cracks close and 

crack again on the second plane. The cracks increase when it gets colder. At the coldest 

temperature, nearly the entire dam heel cracks on three planes. 
e 

 

Figure 14 - The cracking area of the downstream surface at coldest temperature 
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Figure 15 - Cracking area at dam bottom (0.1 temperature load vs. 1 temperature load) 

4 Discussion 

4.1 Linear mechanical analysis 

The deformation and the tensile stresses at the heel of the dam are investigated under water 

and gravity loads. The resulting tensile stresses at the heel of the dam remain within 

acceptable values with a released foundation (model A): the cantilever effect is inhibited and 

the water load will be mainly supported by the arching effect. In addition, since the valley is 

wide and U-shaped and the abutment bearing area is small, the arching effect of the dam is 

limited, hence, leading to the computed asymmetric deformed shape. Moreover, as the dam is 

thin and the weight is low, the dam deforms upward with water load, which completely 

exceeds the reasonable range for an arch dam, “only supported” by the two sides of the 

abutment. In this case, the deformation of the dam is large with water load and gravity load, 

reaching a maximum value of 111.28mm. 

In the case of the dam body connected with the foundation (model B), the dam cannot 

rotate freely. The cantilever effect becomes more important and the displacements become 

acceptable under water load and gravity load. The maximum displacement is 17.84 mm. 

However, there are large tensile stresses at the heel, far beyond the tensile strength. This 

suggests that the cantilever effect is being overestimated in this scenario. In fact, the release of 

the tensile stresses would reduce the rotational stiffness at the foundation and decrease the 

cantilever effect. Figure 16 shows the deformations between LE-Analysis and observations 

are similar for winter. But for summer, the deformation of LE-Analysis is much smaller than 

the observations. 

 

Figure 16 – Comparison between LE-Analysis (dotted lines) and measured deformation (solid lines) 

along Lines 1 and 2 (The historical data measurements are provided by the formulators [2]). Positive 

displacements correspond to downstream movement from the initial (hydrostatic loading) position. 
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In the two calculation cases A and B, the most unfavorable condition corresponds to the 

lowest temperature: the tensile stresses at the downstream surface exceed the tensile strength, 

reaching values around 7 MPa, with local spots around 9 MPa and upstream heel values 

reaching 18 MPa.  

 

4.3 Nonlinear mechanical analysis  

In the nonlinear mechanical analysis, the cracking area of the dam is large and increases when 

the temperature approaches the coldest moment. This is expectable since the tensile stress on 

the downstream surface and dam heel is larger than the tensile stress strength in linear 

mechanical analysis. With the given linear softening model for concrete, when the dam cracks, 

it begins to twist. However, despite cracking and twisting, the dam survives the most 

unfavorable loading condition.  

Figure 17 shows that the central cantilever deformation of NL-Analysis and observations 

match well (left hand side figure). The trend of the displacements across the valley is identical 

to observations for summer, although the magnitude is smaller; for winter, the deformed 

shape is distorted while the measured deformation is normal. 

 

Figure 17 – Comparison between NL-Analysis (dotted lines) and measured deformation (solid lines) 

along Lines 1 and 2 (prototype data provided by the formulators [2]). Positive displacements 

correspond to downstream movement from the initial (hydrostatic loading) position. 

5 Conclusions 
The study of the selected thin arch dam shows that selecting a proper model of the dam-

foundation interface is paramount for all subsequent load case analysis. First we assessed the 

behavior of the dam considering different types of dam-foundation interface model. A 

preliminary assumption (model A) allowed confirming, as expected, that the dam geometry is 

quite prone to a low mobilization of an arch effect with regard to cantilever effects. A fully 

detached and cohensionless interface led to dam sliding (due to insufficient restriction) and to 

unrealistic lifting, presented in the paper only for argumentation built up purpose. 

A dam-foundation interface using interface elements with variable rigidity on the 

upstream–downstream direction (model B) is used for linear and non-linear-analysis, with and 

without the temperature loading. Thermal analyses show that the most critical period for 

tensile stress build up on the dam downstream face is winter: low temperature lead to material 

contraction, which is restrained given the hydrostatic loading. Tensile stress development at 

the upstream dam heel will led to cracking, which was tentatively modelled in LE mode. 

Varying the deformability properties of the interface elements indicating that crack 

propagation over the first third of the dam foundation thickness is likely. The LE 

computations, however, indicate high tensile stress values across most of the downstream face 

of the dam, in particular in wintertime. Considering a linear softening model for concrete for 

non-linear mechanical computations, also with thermal loading, the stress field evolution in 
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time leads to a detailed identification of the potentially cracked zones. With the selected 

constitutive model for concrete and assumptions for the skin reinforcement, as the dam starts 

to crack, it also begins to twist. However, despite cracking and twisting, the dam likely 

survives the most unfavorable loading condition. Comparison of the present results with 

prototype data shows the limitations of the model assumptions, fairly exploratory, although 

providing valuable insights in terms of dam behavior and general cracking pattern. 

Enhancement of the model with specific interface elements with no or low vertical stiffness at 

the foundation, combined with more advanced modelling of the concrete properties (namely 

fracture energy) would be the next logical steps. 
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ABSTRACT: Dams in cold climates are subjected to significant temperature variations throughout their 
long service life. This, along with restraint of volume changes, can lead to the development of high 
stresses and possibly cracking. This study presents finite element (FE) analyses of a concrete arch dam 
subjected to the seasonal temperature variations in northern Sweden. In this study, the concrete dam is 
modelled considering linear as well as non-linear material behavior subjected to gravity, static and 
thermal loads. In the non-linear analysis, concrete was modelled with microplane material model. Also, 
in the non-linear analysis, the contact between the dam and the foundation was modelled with the 
frictional contact contrary to the linear analysis where this contact is modelled with multipoint constraint 
approach. The results showed that the dam undergoes significant displacements due to the thermal load 
and the tensile stresses have exceeded the tensile strength of the concrete in a large portion of the dam 
body. This resulted in development of prominent cracks at the downstream surface of the dam. 

1 Introduction 
Dams in cold climates are subjected to severe temperature variations throughout their long 
service life. The temperature variations can sometimes reach higher than 70°C from winter to 
summer [1]. This significant temperature variation along with restraint of volume changes can 
lead to development of high stresses in the dam and most likely cracking of the concrete (see, 
for example, [2] and [3]). This paper is a contribution to the Theme A of 14th International 
Benchmark Workshop on Numerical Analysis of Dams. It presents finite element (FE) analyses 
of a concrete arch dam subjected to the seasonal temperature variations in northern Sweden. 
The main focus of the study is to evaluate the structural behavior of the concrete arch dam and 
predict the extent of cracking that may occur due to significant temperature variations. 
Geometry, material properties and temperature data are provided by the benchmark’s 

formulators. The simulations are carried out entirely using a commercial finite element software 
ANSYS Mechanical and ANSYS ICEM. Furthermore, the computational results presented 
have been achieved using the Vienna Scientific Cluster (VSC). 
 

 
Figure 1: (a) Geometry of the concrete arch dam including the foundation and the spillway. 

(b) Configuration of the reinforcement on the upstream and downstream surfaces of the dam. 

198



Figure 1(a) shows the geometry of the arch dam with its foundation. The geometry consists of 
three main components; dam, foundation and spillway. The concrete arch dam is approximately 
40 meter high and crest length of about 170 meter with a radius of 110 meter. The concrete 
spillway is located immediately at the right hand side of arch dam with total height of 20 meter 
and width of approximately 35 meter, divided into two spillway sections, each about 12 meter. 
Additionally, reinforcement layers are present on the downstream and downstream surfaces of 
the dam with concrete cover of 0.1 meter. The bars, vertical and horizontal, have a diameter of 
25 millimeter and spacing of 0.3 meter. The upstream and downstream of the dam have one 
layer of horizontal and vertical reinforcement, however, the downstream surface has an 
additional vertical reinforcement layer that is located 100 mm apart from the first layer. Figure 
1(b) shows the configuration of the reinforcement layers. 

2 Domain discretization 
The geometry of the model is provided by the formulators of Theme A. The approximate length, 
width and depth of the geometrical domain are 225, 193 and 60 meter respectively. The mesh 
is generated using ANSYS ICEM. The concrete parts including the dam, the abutment and the 
spillway are meshed using hexa-block strategy to generate 8-node hexahedral elements with a 
characteristic element size of 0.8 meter. The advantages of this technique are higher quality 
elements and simple implementation of the reinforcement. Initially the foundation is meshed 
with the same strategy, however, the resulting high number of elements led to meshing the 
foundation using Octree algorithm to generate 4-node tetrahedral elements with local 
refinements at concrete-rock interfaces. The discretization of the domain with the above 
techniques led to 55588 elements and 67002 nodes for the concrete parts and 235347 elements 
and 44239 nodes for the foundation rock. Figure 2 shows the discretized domain of the entire 
geometry. 
 

 
Figure 2: Discretized domain. 

3 Thermal Analysis 

3.1 Model setup 
Thermal analysis was carried out as heat transfer analysis based on the transient assumption. 
However, additional steady-state analysis is performed for comparison reason only. The 
element type for the concrete parts is set to SOLID70. This element is 8-node hexahedra with 
temperature as the only degree of freedom at each node. Similarly, the tetrahedral version of 
this element is used for the foundation. In thermal analysis effects of reinforcement have been 
neglected. Thermal material properties were defined for the parts based on the values provided 
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by the formulator. The material properties which have been used in thermal analysis are 
summarized in Table 1.  

Table 1: Material properties for thermal analysis 

Property Unit Concrete Rock 
Thermal conductivity W/(m*K) 2 3 
Specific heat capacity J/(kg*K) 900 850 

 
The boundary conditions of the model are defined by prescribing ambient temperatures of the 
fluids (air and water) and convective heat transfer coefficients for the surfaces that are exposed 
to the fluids. The convective heat transfer coefficients are taken from provided values. These 
values are summarized in Table 2. Furthermore, perfect thermal contact conductance has been 
assumed between concrete and rock due to Multi-Point constraint (MPC) contact. Finally, the 
stress/strain free temperature is assumed to be 4°C. 

Table 2: Convective heat transfer coefficients 

Parameter Convective heat 
coefficient [W/(m*K)] 

Downstream surface of the arch dam-air 4.0 
Concrete-air 13.0 
Concrete-water 500.0 
Rock-air 13.0 
Rock-water 500 

 

 
Figure 3: Combination of the input data for thermal analysis. 

Since the main aim of the study is to investigate the effect of the seasonal temperature variation 
on the concrete arch dam, two different thermal load cases are defined based on the monthly 
maximum and minimum air and water temperatures. These data have been combined to 
generate the thermal loadings in following ways; in the first loading case (LC 1), it is assumed 
that the first year is a warm year. Also it is assumed that the year starts with April since the 
temperature in this month is closer to the stress free temperature of 4°C. In order to apply the 
hydrostatic and gravity loads on the model, later in structural analysis, two stress free load steps 
are created where the temperatures remain in stress free condition. The thermal loading 
continues after a warm year by a cold year starting from June with two transition steps in 
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between. The first thermal loading including imposed air and water temperatures are illustrated 
in Figure 3. 
Contrary to LC1, in the second thermal loading case (LC2), it is assumed that the loading begins 
with a cold year. Similar to LC1, the year starts with September, which temperature is closer to 
the stress free state. The cold year is followed by a warm year with two transition steps between 
the two years, similar to LC1,. Both loading conditions, LC1 and LC2, are changing to the stress 
free state in the last load step. Figure 3 shows the loading conditions where the horizontal axis 
represents months in transient thermal analysis. A constant time step of 1 hour is used for the 
transient calculation. 

3.2 Results 
The formulators of the Theme A asked specifically for temperature distribution in July and 
January at Section 06 (Figure 7). The contour plot of the temperature distribution in January for 
the coldest year is shown in Figure 4. The ambient and water temperature in this month is -
25.8°C and 0°C respectively. Similarly, the contour plot of the temperature distribution in the 
warmest July where the ambient temperature is 19.7°C and the water temperature is 13.8°C for 
is shown in Figure 4.  
 

 
Figure 4: Temperature distribution in the dam’s body for January (left) and July (right). 

Comparing results of steady-state and transient showed significant differences in temperatures 
between the two analyses in the foundation rock as well as the spillway. However, these 
differences are less noticeable in the dam body due to its slender body. Finally, the results of 
the transient thermal analysis are imported to structural analysis for further simulations as body 
temperature. 

4 Structural Analysis 

4.1 Model setup 
Following thermal analyses, static structural analyses are performed to determine 
displacements, stresses and crack patterns. 8-node hexahedral solid element, SOLID185, with 
enhanced strain formulation is used for the concrete parts. This particular formulation 
introduces nine additional degrees of freedom to avoid shear locking and additional four to 
manage volumetric locking. Furthermore the tetrahedral version of SOLID185 element is used 
for the foundation. In the structural analysis the reinforcement located at the upstream and 
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downstream faces of the dam is considered. The reinforcement layers are modeled by smear 
reinforcement approach (REINF265) in ANSYS. The element is defined by providing cross-
section area of a single reinforcing fiber, distance between two adjacent reinforcing fibers, the 
orientation of the reinforcing layer and finally the location of the layer from the element face. 
A script is written to automatically generate reinforcing elements according to the given 
reinforcement layout and assign corresponding values. 
The structural analyses are divided into two separate analyses. In the first analysis, the linear 
elastic behavior of the materials is considered along with the linear contact between the parts 
(MPC contact). The linear material properties, elastic modulus (E), Poisson's ratio (ν) and 
density (ρ) are defined based on the provided values. The material properties are summarized 
in Table 3. Additionally, the displacement degrees of freedom perpendicular to the foundation 
surfaces (bottom and sides) have been set to zero. Finally, structural loads are applied starting 
with gravity which is applied to the concrete parts only at the first load step followed by the 
hydrostatic pressure at the second load step. The hydrostatic pressure is applied to all the 
surfaces which are in contact with the water. The loading is completed by applying thermal 
loads from the previous simulation. 

Table 3: Material properties for structural analysis 

Property Unit Concrete Rock Steel 
E-modulus GPa 33 40 200 
Poisson’s ratio - 0.2 0.15 0.3 
Density kg/m³ 2300 2700 7800 
Compressive strength MPa 38 - - 
Tensile strength MPa 2.9 - 360 
Thermal expansion 1/K 1e-5 1e-5 1e-5 

 
Following the linear elastic analysis, the second structural analysis is performed to include 
material nonlinearities. The material behavior of the foundation remain linear elastic, however, 
the material models for concrete and steel have been changed. Since it is necessary to take into 
account inelastic behavior of concrete, it is modelled with microplane material model. This 
approach is first proposed by [4] and further developed for tensile fracturing of concrete by [5] 
and [6]. Comprehensive explanation of the model can be found in [7]. 
The microplane model has three constants that must be defined. In order to find suitable values 
for these constants, the expression of damage equivalent strain given by [8] is used. This 
expression has been studied several times and it is found [9] to be able to give satisfactory 
approximation of the compressive and tensile behavior of concrete. However, in this approach, 
the constants are calculated based on the ratio of tensile and compressive strength of the 
concrete. This usually leads to slightly lower values for the compressive and tensile strength of 
the concrete in the numerical models. Therefore this ratio is calibrated by numerical uniaxial 
compression and tensile tests. This is done by modeling one element with unit length and 
applying appropriate displacements to the nodes. Based on the maximum stress in a loading 
direction, in this case 𝑆𝑥

𝑚𝑎𝑥, the correction factor, 𝐶𝐹, is calculated from the expression 
 

 𝐶𝐹 = (
𝑓𝑐 − 𝑆𝑥

𝑚𝑎𝑥

𝑆𝑥
𝑚𝑎𝑥 ) + 1 (1) 

 
Figure 5a shows a stress-strain curve of concrete with calibrated model constants computed 
from compressive uniaxial test. It can be seen that the ultimate strength of the concrete is 
approximately 38 𝑀𝑃𝑎 and it is consistent with the provided material parameters. Similarly, 
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Figure 5b shows a good agreement between provided tensile strength (2.9 𝑀𝑃𝑎) and the one 
computed by the tensile uniaxial test. 
 

 
Figure 5: (a) Stress-strain curve for uniaxial compression test and (b) stress-strain curve for 

uniaxial tensile test. 

 
Figure 6: Bilinear stress-strain curve for steel rebar. 

Finally, reinforcement material model is set to the bilinear isotropic hardening plasticity 
(BISO). This material model uses elastic and plastic slopes to represent the stress-strain 
relationship. Along with density, Young’s modulus and Poisson’s ratio, two additional 

parameters have to be defined. First value is the yield stress of the reinforcement which set to 
360 𝑀𝑃𝑎 according to Table 3. The second value is the tangent modulus. This value is assumed 
to be 1% of the steel elastic modulus. Figure 6 shows bilinear stress-strain curve for steel rebar. 
The boundary conditions as well as the load steps are similar to the linear analysis. However, 
the loads are applied gradually with several sub-steps. Also the contact between the dam and 
the foundation rock is changed to Rough contact due to the simplification of the FE model 
compared to the dam. This contact is simply the frictional contact with infinitely large friction 
coefficient. Additionally, the normal stiffness of the contact is reduced to allow small 
penetration. 
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4.2 Results 
The results of the computations from the both linear and nonlinear cases are presented at the 
specific locations. These locations are defined by the benchmark’s formulators and illustrated 
in Figure 7. Furthermore, only displacements are shown at this locations. 

 
Figure 7: Locations of the sections. 

Section 100 is located at the crest level. The maximum and minimum displacements in stream-
wise direction for the entire load steps are shown in Figure 8. Additionally, the displacements 
of the crest due to gravity load and hydrostatic pressure are added to the graphs. The crest 
displacements due to static loads obtained from the non-linear analysis with Rough contact 
compared to the linear analysis with MPC contact is approximately 35% higher. Also similar 
differences are observed for the maximum and minimum displacement when thermal load cases 
are considered.  
The displacements at section 200 are shown in Figure 9. Similar to the results at Section 100, 
the differences between linear and non-linear analyses are noticeable. 
In addition to the horizontal sections, a vertical section is also defined (Section 06). The location 
of the section is shown in Figure 7. Displacements of the dam along the height are illustrated 
in Figure 10 for both linear and non-linear cases. Similar to displacement at the horizontal 
sections, differences between the two analyses are significant even for the static load case where 
gravity and hydrostatic are only active. The displacements obtained from the linear analysis, in 
all the cases, are lower than the ones from the nonlinear analysis. Furthermore, in the non-linear 
case, the effect of the cracks are noticeable. 

 
Figure 8: Streamwise displacements of the crest (Section 100) for linear and non-linear 

analyses. 
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Figure 9: Streamwise displacements of Section 200 for linear and non-linear analyses. 

 
Figure 10: Displacements of the dam along the height at Section 06 (a) linear analysis (b) 

non-linear analysis. 

The crack patterns are visualized in Figure 11 by plotting the damage parameter. On the 
upstream face of the dam, no crack is observed. On the other hand, on the downstream face of 
the dam, several cracks are found. In fact, surfaces lower than the section 200 (highlighted in 
Figure 11) consist of several prominent, long, horizontal cracks which extend into dams body. 
The diagonal and horizontal cracks, on the other hand, are located on the downstream face 
adjacent to the foundation. 
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Figure 11: Crack pattern on the downstream face of the dam. 

 

5 Conclusion 
Concrete dams in cold climates can be subjected to significant temperature variations 
throughout their service life. This can lead to large displacements and consequently 
development of high stresses and possibly cracks. In this study a concrete dam is modelled 
considering linear as well as non-linear material behavior of concrete subjected to gravity, static 
and thermal loads. In the non-linear analysis, concrete was modelled with microplane material 
model. Also, in the non-linear analysis, the contact between the dam and the foundation was 
modelled with the frictional contact contrary to the linear analysis where this contact modelled 
with MPC.  
 
Comparing results of linear and non-linear analyses, significant displacement differences were 
observed between the two analyses. These differences are even noticeable at the end of the 
static load step. These differences indicate the important effects of the contact modelling and 
the approaches which are taken to model dam-rock interaction. Additionally, when the dam is 
subjected to the thermal load, the material non-linearities are playing an important role besides 
contact modelling due to the large tensile stresses. These stresses are exceeding the tensile 
strength of the concrete especially at the downstream face of the dam. 
 
In conclusion, the results showed that the studied concrete dam, when it is subjected to the 
provided thermal load, can develop prominent cracks, especially at the downstream face. 
Furthermore, a few improvements can be made in the FE model by having more information 
about the characteristic of the foundation and by considering the block joints. Finally, 
comparison of the computed displacements with the measured displacement values at the dam 
site would be an invaluable information to evaluate the accuracy and possibly improvement of 
the numerical model.  
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ABSTRACT: An arch dam located in northern Sweden was analysed to study how seasonal 
temperature variation influences the displacement and cracking of the dam. The work consisted of 

three parts which analysed the thermal gradient, displacement and the crack propagation of the dam. 
The finite element application Abaqus 2016 was used for all analyses. The work was done as a master 

thesis at the Division of Structural Mechanics, Faculty of Engineering LTH at Lund University in 
cooperation with ÅF Hydro Power South during the spring of 2017. The full thesis is available at: 

www.byggmek.lth.se/utbildning/examensarbete/avslutade-arbeten 

1 Introduction 

Dams located in cold areas are often subjected to harsh environmental conditions, many dams 
in Sweden are subjected to variations in temperature between summer and winter of up to 60 - 
70˚C [1]. As a result of this many concrete dams have been subjected to cracking [2]. 
Seasonal temperature variation has been found to be the dominant cause of cracking in large, 
massive concrete structures. The difference in temperature of the water on the upstream side, 
and the ambient air on the downstream side, causes a temperature gradient in the dam which 
results in non-uniform expansion and contraction of the concrete. 
  
The aim of this paper was to predict the displacement and the extent of cracking that may 
occur on a concrete arch dam subjected to the seasonal temperature variations in northern 
Sweden using numerical analyses. 

1.1 General basic assumptions 
The focus of this study was on the temperature variation. Simplifications and limitations was 
made and the only loads considered in the analyses were gravity, hydrostatic water pressure 
and temperature variations caused by conductive/convective heat transfer. 

2 Prerequisites 

The geometry of the arch dam was provided by the formulators. The arch dam is about 40 m 
high with a crest length of 170 m. The thickness of the dam body varies with height, between 
5.4 m at the base to 2.5 m at the crest. The dam follows a continuous arch with the radius of 
110 m. The dam consists of three parts, (a) spillway, (b) dam body and (c) support, illustrated 
in Figure 1. The material properties and temperature data were provided by the formulators. 
 
 
  

Figure 1: The three parts of the arch dam. 
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3 Modelling and method of analysis 

The analyses were performed using the finite element program Abaqus 2016. A thermal 
analysis was first performed, determining the temperature distribution in the dam due to the 
varying temperature which was used as input in the following analyses. A linear analysis was 
then performed to evaluate the displacement and stress in the dam. Finally, non-linear 
analyses were performed to visualize crack patterns as they propagate in the dam.  

3.1 Interactions and boundary conditions 
The rock, spillway and right support were merged together as one part. The base of the dam 
body was modelled along the downstream side with a tie constraint to the rock foundation. 
The spillway and support were also tied together to the dam body using tie constraints. The 
outer boundary condition was modelled along the bottom and outer sides of the rock as an 
encastre, restricting translation and rotation in all directions. 

3.2 Mesh discretization 
The dam body was modelled with 8 node linear hexahedral solid elements, C3D8R. The rock 
spillway, and support were meshed with 10 node quadratic tetrahedral solid elements, C3D10, 
due to their more complex geometry. The reinforcement was modelled as embedded 
quadrilateral membrane elements, M3D4R, which were superimposed on the mesh of the 
concrete elements allowing the concrete behaviour to be considered independently.  
 
In the linear analysis, the element size of the arch was set to 2 m which was determined 
through a convergence study. Element type, length and quantity for the linear mechanical 
analysis are presented in Table 1. 
 

Table 1: Mesh used in the linear analysis. 

Parts Element type Element length Number of elements 
Dam body C3D8R 2 4047 
Reinforcement M3D4R 2 3096 
Rock, spillway and support C3D10 2-20 42002 
Total   49171 

 
The mesh used in the non-linear analysis was based on Equation 1, where E is the elastic 
modulus [GPa], GF is the fracture energy [Nm/m2] and ft is the tensile strength [MPa]. 
  

𝐿𝑚𝑎𝑥 <
𝐸 ∙ 𝐺𝐹

𝑓𝑡
2  

 
(1) 

giving an element length of 0.5 m with the given material properties and GF = 140 Nm/m2. 
The element type, quantity and size used in the non-linear analysis are presented in Table 2. 
 

Table 2: Mesh used in the non-linear analyses. 

Parts Element type Element length Number of elements 
Dam body C3D8R 0.5 222507 
Reinforcement M3D4R 0.5 49082 
Rock, spillway and support C3D10 0.5-16 113967 
Total   385565 
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3.3 Thermal analysis 
The convective heat transfer properties were modelled in Abaqus with surface film conditions 
with the convective heat coefficients presented in Table 3. 
 

Table 3: Convective heat transfer properties. 

Interface Convective heat coefficient 
W/(m2K) 

Downstream surface - air 4 
Concrete - air 13 
Concrete - water 500 
Rock - air 13 
Rock - water 500 

 
A reference temperature, Tref, was set to the stress-strain free temperature of 4˚C for the whole 

model and constitutes to the initial value used in the thermal analyses. The outer boundaries 
were modelled as completely insulated, preventing any heat transfer. 

3.4 Linear mechanical analysis 
The loads were applied in three steps, starting with gravity, followed by hydrostatic pressure 
and finally the temperature distribution. Gravity loads were applied to the dam body, spillway 
and support. 

3.5 Non-linear mechanical analysis 
The cracking in the dam was calculated using Abaqus Concrete Damage Plasticity model. 
The constitutive parameters according to Table 4 where used. The damage parameters, dt and 
dc were both set to 0 in order to get a stable solution. 
 

Table 4: Constitutive parameters in CDP model. 

𝜖 𝜓 𝑓𝑏0/𝑓𝑐0 Kc Viscosity 
0.1 35˚ 1.16 0.67 0 

 
Non-linear material compression and tension curves were defined for the concrete. The 
compression response curve was modelled according to Eurocode 2 [3]. The tensile behaviour 
was modelled using a bi-linear stress-displacement curve according to Hillerborg [4]. The 
response curves are illustrated in Figure 2. The reinforcement was modelled with a bi-linear 
stress-strain curve according to Figure 3. 

 
 

Figure 2: Compression stress-strain curve and tensile stress-displacement curve. 
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Non-linear finite element analyses are history dependent and the loading sequence is 
important. Two different combinations of thermal data with the values provided were 
analysed in order to study how it would influence the results. 
 
The first combination starts with a cold year followed by a warm year, illustrated in Figure 4. 
The cold year starts in September as it is close to the reference temperature, Tref, and the warm 
year starts in November since the temperature is close to August of the cold year. The second 
combination was a warm year followed by a cold year, as illustrated in Figure 5. 
 

For the non-linear analyses the gravity and hydrostatic loads were applied with Abaqus 
smooth step amplitude curve. Both the gravity and hydrostatic pressure were applied over a 
time period of one second each in their respective step and set to hold over the total duration 
of the analyses.  

4 Results 

4.1 Thermal analysis 
The temperature gradient during a warm year followed by a cold year is plotted in Figure 6. 
The temperature distribution for the center section of the dam was extracted for the months of 
January and July. The results are illustrated in Figure 7.  

Figure 3: Stress-strain curve for the reinforcement. 

Figure 4: Cold year followed by a warm year temperature combination. 

Figure 5: Warm year followed by a cold year temperature combination. 
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4.2 Displacement 
The radial displacement of the dam was measured along the crest, a line 14 m below the crest 
on the downstream surface and a vertical line in the center section of the dam of the 
downstream surface. The displacement was calculated for gravity load and hydrostatic water 
pressure alone as well as for the minimum and maximum displacements due to temperature 
variations and are presented in Figure 8 – 12.  

Figure 6: Temperature gradient in the dam during a warm year followed by a cold 
year. 

Figure 7: Temperature gradient for the centre section of the dam in January and July 
respectively. 

Figure 8: Calculated displacement along a vertical line in the centre section for the linear, 
non-linear cold-warm and non-linear warm-cold analyses respectively 
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Figure 9: Displacement for the crest line in the linear analysis.  Upstream side is 
at the top of the figure. 

Figure 10: Displacement for the line 14 m below the crest in the linear analysis.  
Upstream side is at the top of the figure. 

Figure 11: Displacements for the crest line in the non-linear analyses. Upstream 
side is at the top of the figure. 
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Contour displacement plots of the maximum downstream and upstream displacement for the 
linear mechanical analysis is illustrated in Figure 13. 

 

4.3 Stresses and cracking 
Figure 14 presents the areas in the linear mechanical analysis that exceeded the tensile 
strength in January, i.e. the areas that might be subjected to cracking. Figure 15 illustrates the 
number of elements in the arch exceeding the tensile strength and temperature gradient over 
time. 
 

Figure 14: Areas which exceed the tensile strength of the concrete in January of a cold year. 

Figure 12: Displacements for the line 14 m below the crest in the non-linear 
analyses. Upstream side is at the top of the figure. 

Figure 4: Contour displacement plot for the maximum 
downstream radial displacement. 

 

Figure 5: Contour displacement plot for the maximum upstream 
radial displacement. 

214



Figure 16 and 17 presents vector direction plots of the maximum and minimum principal 
stress directions respectively on the downstream side of the arch dam at maximum 
displacement which occurred in January of the cold year.  
 

 

 
The results from the non-linear analyses are presented below. Cracking was assumed to have 
occurred when the plastic strain in the maximum principal direction exceeded 0.001. The 
extent of cracking on the downstream surface for a cold year followed by a warm year is 
presented in Figure 18. Figure 19 illustrates the crack propagation over time. 
 

Figure 15: Number of elements which exceed the tensile strength of the 
concrete and the gradient in the dam of a cold year. 

Figure 16: Maximum principal stress direction in January a cold year. 

Figure 17: Minimum principal stress direction in January a cold year. 

Figure 18: Resulting crack pattern after a cold year followed by a warm year. 
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The extent of cracking on the downstream surface for a warm year followed by a cold year is 
presented in Figure 20. Figure 21 illustrates the crack propagation over time. 
 

 

5 Conclusion 

The results from the thermal, linear and non-linear mechanical analyses coincide with each 
other as to how, when and where the dam deforms and cracks propagates. It can be concluded 
from the analyses that the temperature variations have a significant influence on the structural 
behaviour of arch dams in colder climates. As the water does not go below 0 °C, cold winters 
can have a major effect on arch dams in regards to deformation and cracking. 
 
The thermal analysis was able to provide an idea of when large displacements and cracks 
would most likely occur in the dam. The results from the linear analysis display large areas on 
the lower half of the downstream surface where the maximum principal stress exceeds the 
tensile strength of the concrete, i.e, cracking is likely to occur. The crack direction which was 
visualized in the non-linear mechanical analyses propagated as the maximum and minimum 
principal stress direction plots in Figure 16-17 indicated. In the middle of the dam the cracks 
propagated horizontally and as they get closer to the spillway and support they propagated 
diagonally towards the base.  

Figure 19: Crack propagation and gradient over time for a cold year followed by a warm year. 

Figure 20: Resulting crack pattern after a warm year followed by a cold year. 

 

Figure 21: Crack propagation and gradient over time for a warm year followed by a cold year. 
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ABSTRACT: This paper describes the numerical modelling carried out to analyze the cracking 

pattern of a thin concrete arch dam which undergoes strong seasonal temperature variations. Two 

geometric models (a coarse and a refined one) have been used to discretize the dam, the spillway and a 

portion of the rock foundation. In the refined mesh the finite elements are smaller towards the zones of 

the geometric model where the thermal gradients are higher. Only in the refined mesh the steel 

reinforcement layers on both the upstream and downstream surfaces have been modelled, and an 

interface between the dam/spillway and the rock foundation has been included. Considering a 

reference temperature of 4°C, a transient heat transfer analysis, covering a period of three years, has 

been carried out to attain a thermal steady state condition. A convective heat transfer with a sinusoidal 

variation of the mean values of the ambient air and water temperatures has been taken into account. 

Starting from the thermal steady state condition attained at the end of the third year, four quasi-static 

coupled temperature-displacement analyses (two linear and the others non-linear) have been carried 

out applying the gravity load of the structure, the hydrostatic pressure and a sinusoidal variation of the 

ambient air and water temperatures defined with the maximum/minimum seasonal temperature values. 

The thermo-mechanical analyses have the goal to calculate both the risk of cracking (linear analysis) 

and the possible extent of cracking in the dam body (non-linear analysis). An elasto-plastic damage 

constitutive law has been used to simulate the non-linear behavior of the dam; a Coulomb friction 

model describes the foundation joint behavior. In the paper the convergence and stability issues 

occurred during the non-linear thermos-mechanical analyses will be outlined, underlining how they 

could affect the final results in terms of damage and displacement conditions. 

1 Introduction 

The goal of Theme A of the 14
th

 ICOLD International Benchmark Workshop on Numerical 

Analysis of Dams is to provide best practices to cope with the non-linear modelling of the 

cracking pattern of concrete arch dams undergoing large seasonal thermal variations, typical 

of Northern Countries. This Theme is quite challenging because results are strongly affected 

by the accuracy of both the geometric model and the adopted material constitutive laws. 

Furthermore, the most noteworthy are the non-linearity, the higher the calculation time. 

In the following paragraphs, the assumptions taken into account to simulate the problem will 

be described, and the main outcomes of the exercise will be presented, making mostly 

reference to the convergence and stability issues. 

2 Geometric models 

The Formulators of the Theme have provided a mesh of linear tetrahedron finite elements, 

without the foundation joint and the steel reinforcements, that discretizes a thin concrete arch 

dam, 40 m high with a crest length of about 170 m and a massive spillway on the right side 

(Figure 1). 

To describe accurately the variation of the temperatures into the structure, the geometric 

model has been discretized by means of first-order brick and wedge finite elements (Figure 2), 

providing to have a finer mesh towards the zones of the concrete structure where the thermal 

gradients are higher (Figure 3). 
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Figure 1: The geometric model provided by the Formulators of Theme A. 

 

 

Figure 2: The refined geometric model with the foundation joint and the reinforcements. 

 

 

Figure 3: Examples of the mesh refinement towards the outer surfaces of the dam. 

 

Into the refined model the foundation joint has been included as well as the steel 

reinforcement layers on both the upstream and downstream surfaces, that have been modelled 

by means of truss finite elements (Figure 4). The area of each truss element has been 
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computed on the basis of the diameter, spacing and number of reinforcement layers provided 

by the Formulators; the concrete cover is 100 mm. In order to reduce the computational time 

effort of the non-linear analyses the foundation rock has been refined only beneath the dam 

and the spillway; the coarse mesh and the refined one have been tied together along the 

contact vertical surfaces (Figure 5). 

 

 

Figure 4: The two reinforcement layers of truss finite elements included into the refined mesh. 

 

 

Figure 5: The vertical contact surfaces used to tie together the coarse and refined meshes of 

the rock foundation. 

 

On the vertical lateral borders and on the bottom surface of the rock foundation the normal 

displacements have been pinned. 

3 Material constitutive laws 

The material parameters provided by the Formulators to run the non-linear analyses in order 

to estimate the crack risk and/or crack propagation into the dam due to seasonal temperature 

variation are reported in Table 1. 

The concrete parameters corresponds to a concrete grade C30/37. The Participants of the 

Theme were let free to choose a proper fracture energy and their own constitutive law to 

simulate the non-linear concrete behavior (§3.1). 

For the rock foundation, a linear elastic constitutive law has been required without taking into 

account fractures or any non-linear response. 

The material properties of the steel reinforcements have been defined making reference to an 

old Swedish standard KS 40. 
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Table 1: Material parameters. 

Property Concrete Rock Reinforcements Unit 

E-modulus 33 40 200 GPa 

Poisson’s ratio 0.20 0.15 0.30 - 

Density 2300 2700 7800 Kg/m
3
 

Compressive strength 38 - - MPa 

Tensile strength 2.9 - - MPa 

Yield stress - - 360 MPa 

Ultimate strength - - 600 MPa 

Ultimate strain - - 0.15 - 

Thermal expansion 1E-05 1E-05 1E-05 °C
-1

 

Thermal conductivity 2 3 39 W/(m °C) 

Stress/strain free temperature 4 4 4 °C 

Specific heat capacity 900 850 450 J/(kg °C) 

Fracture energy 200 - - N/m 

 

3.1 The Concrete Damage Plasticity constitutive law 

The Concrete Damaged Plasticity (CDP) constitutive law [1], available in ABAQUS [2], has 

been adopted to simulate the non-linear concrete behavior. 

This law assumes that the uniaxial tensile and compressive responses of concrete are 

characterized by damaged plasticity (Figure 6). 

 

  

Figure 6: Uniaxial loading in tension and compression of the Concrete Damage Plasticity 

constitutive law [1]. 

 

Under uniaxial tension the stress-strain response is linear-elastic until the failure value is 

attained; beyond this value a strain softening relationship follows. In compression the 

softening behavior occurs after an initial stress hardening. When unloading occurs from any 

point on the strain softening branch of the stress-strain curves, the unloading response is 

weakened reducing the elastic stiffness by means of two independent damage variables, dt and 

dc, which are assumed to be a function of the plastic strains (1): 

 

( ) ( )pl

tttt Ed εεσ −−= 01 , ( ) ( )pl

cccc Ed εεσ −−= 01  (1) 

 

The stiffness degradation variables can take values ranging from zero (undamaged material) 

to one (fully cracked material in tension and crashed in compression). 
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The softening branch of the tensile stress-strain curve defines a fracture energy of 200 N/m. 

3.2 Steel reinforcements 

A classical metal plasticity model has been adopted to simulate the non-linear behavior of the 

steel reinforcements. The Mises yield surface has been considered to take into account an 

isotropic hardening, which has been defined by giving the value of the uniaxial yield stress as 

a function of the uniaxial equivalent plastic strain [2]. 

3.3 Foundation joint 

A Coulomb friction model has been adopted to describe the interaction between the dam and 

the rock. Two contacting surfaces can carry shear stresses up to a certain magnitude (stick 

region) before they start sliding. The fraction µ between the critical shear stress, τcrit, at which 

sliding starts and the contact pressure is known as the coefficient of friction. 

Considering that the dam is excavated into the rock and this support acts like a hinge, the non-

linear coupled temperature-displacement analyses with the refined mesh have been carried out 

assuming an infinite coefficient of friction (rough friction) between the arch dam and the rock 

foundation to prevent displacements but not rotation as long as the corresponding normal-

direction contact constraints are active (Figure 7, left). Between the massive parts of the dam 

(i.e. the spillway and the left support) and the rock, a coefficient of friction equal to 0.75 was 

adopted (Figure 7, right). 

 

 

Figure 7: Contact surfaces (highlighted in red) with a coefficient of friction infinite (left) and 

equal to 0.75 (right). 

4 Type of analyses and loads 

The Formulators have required to perform a heat transfer analysis, whose temperature 

distributions should be used as input in the subsequent mechanical analyses to calculate both 

the risk of cracking (linear analysis) and the extent of cracking in the dam body (non-linear 

analysis). 

The linear and non-linear mechanical analyses take into account the following loads: 

 

• Gravity loads 

• Hydrostatic pressure 

• Seasonal temperature variation 

 

In this paper a transient heat transfer analysis, three-years long, has been carried out using 

ABAQUS, starting from a reference temperature of 4°C to attain a steady state condition in 

the concrete structure (Figure 8). A sinusoidal variation of the ambient air and water 

temperatures has been defined averaging the maximum and minimum monthly values 

provided by the Formulators. This temperature variation has been applied on the external 

surfaces of the dam and the rock foundation considering a convective heat transfer. The water 

temperature has been assumed to be constant over the depth of the dam. 

Thermal effects due to solar radiation have been neglected as suggested by the Formulators. 
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Starting from the thermal steady state condition attained at the end of the transient thermal 

analysis, four quasi-static coupled temperature-displacement analyses have been carried out 

(two linear and the others non-linear) applying the gravity load of the dam, the hydrostatic 

pressure and two different sinusoidal variations of the ambient air and water temperatures 

(Figure 8). These sinusoidal curves interpolate the maximum and minimum monthly values, 

which have been computed averaging over a 7 day period the temperatures recorded at the 

dam site in the last 40 years. These temperature variations are representative of a warm and 

cold period, respectively. 

 

 

Figure 8: Seasonal ambient air (left) and water (right) temperature variations. 

 

All the quasi-static analyses simulate a three-years period using both the coarse and refined 

mesh. No combination of the warm and cold period has been considered. 

5 Results 

5.1 Transient heat transfer analysis 

The steady state temperature condition attained at the end of a three-years transient heat 

transfer analysis is reported in Figure 9. 

 

 

Figure 9: Temperature pattern [°C] at the end of a three-years transient heat transfer analysis. 

 

The need to run coupled temperature-displacement analyses starting from a steady state 

temperature condition instead of applying a constant reference temperature on the whole 
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geometric model is most urgent for massive structures. The use of a well refined mesh 

towards the borders of the geometric model, where the thermal gradients are higher, allows to 

compute accurately the temperature variation within the dam. 

5.2 Linear coupled temperature-displacement analyses 

The results of the linear coupled temperature-displacement analyses, attained using the coarse 

and refined mesh and making reference to the three-years warm an cold temperature variation, 

have been compared in terms of displacements and maximum principal stresses. 

With reference to the absolute displacements (Figure 10), the differences between the coarse 

and refined mesh must be mostly imputed to the opening and/or sliding occurring along the 

foundation joint of the refined mesh. Considering that at the toe of the main vertical section a 

sliding greater than 3 mm occurs during the cold period in January, the non-linear analyses 

have been performed assuming a rough friction along the contact between the arch dam and 

the rock foundation to prevent this unrealistic relative displacement (§3.3). 

 

  

Figure 10: Displacements [m] on the downstream surface of the main vertical section (left) 

and along the dam crest (right) related to the warm (July) and cold (January) period. 

 

 

Figure 11: Coarse (left) and refined mesh (right) - Cold period - Maximum principal stresses 

[Pa] on the downstream right part of the dam related to January. 

 

In terms of maximum principal stresses, it is evident that the results provided by the mesh 

suitably refined towards the outer surfaces are more accurate (Figure 11). This aspect is 

relevant since the thermal cracking of this type of structures does not propagate in depth but 

usually remains quite superficial. At the same time, in case brick elements are used, it is better 

to avoid reduced integration to save running time: despite the first-order shape functions 

compute maximum principal stresses greater than the concrete tensile strength on the 

downstream face of the dam, the related centroid values - where the Gauss point of the 

reduced integration elements is located - are smaller and, thus, the structural response remains 
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elastic and no damage is detected (Figure 12). The graph in Figure 12 also confirms that the 

accuracy of the refined mesh is greater than that of the coarse one. 

The results show that the worst tension state occurs in January during the warm period: the 

tensile strength is overcome almost all over the downstream surface and in the lower part of 

the dam and the spillway on the upstream surface (areas in grey in Figure 13). 

 

 

Figure 12: Variation of the maximum principal stresses [Pa] of two elements located on the 

downstream surface provided by the coarse (Tetra) and refined mesh (Brick, at the centroid). 

 

 

Figure 13: Refined mesh - Warm period - Maximum principal stresses [Pa] on the upstream 

and downstream surfaces related to January. 

5.3 Coarse mesh: non-linear coupled temperature-displacement analyses 

In Figure 14 the absolute displacements computed considering a linear elastic (ELA) and a 

non-linear behavior (CDP) of the dam are compared. When a non-linear response is taken into 

account, the structure tends to generate the foundation joint that has not been included into the 

coarse mesh, concentrating the damage in tension just at the toe of the upstream surface 

(Figure 15). This damage goes quite in depth, being even passing in some section, thus the 

resulting deformations are quite different with respect to the linear ones. 

315805 

335250 

54578 

29386 
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On the downstream surface the damage in tension remains quite low because the mesh is too 

coarse to captures the superficial cracking. 

 

 

Figure 14: Displacements [m] on the downstream surface of the main vertical section (left) 

and along the dam crest (right) related to the warm (July) and cold (January) period. 

 

 

 

Figure 15: Coarse mesh - Warm period - Damage due to tensile stresses on the upstream and 

downstream surfaces related to January. 

5.4 Refined mesh: non-linear coupled temperature-displacement analyses 

At first, the foundation was discretized by means of a fully coarse mesh in order to save 

computational time. Nevertheless, this mesh underwent hourglass problems because beneath 

the dam, along the radial direction, in the rock there was only one finite element with respect 

to the 8 elements in the dam. The use of special finite elements with hourglass control, which 

are available in ABAQUS [2], was not useful anyway. Only when the foundation has been 

well refined under the dam (§2), these shortcomings have not occurred anymore. 

At this point, convergence issues started rising either due to the contact or material algorithm 

failure. The former issue has been solved considering a rough friction for the contact between 

the arch dam and the rock (§3.3). This solution allows to avoid an unrealistic sliding towards 

the downstream direction in the central part of the foundation joint (Figure 16, left), that 

occurred even when only the static loads are applied. Moreover, the damage along the 
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upstream toe of the foundation joint is well lower with respect to that of the monolithic mesh 

(Figure 16, right). 

 

 

Figure 16: Refined mesh – Static loads – Displacements (left, downstream view) and damage 

due to tensile stresses (right, upstream view). 

 

The latter convergence issue is still under examination because the computational effort of 

these analyses is really relevant. In particular, just at the beginning of the step in which the 

mean temperature variation is applied, the time increment is strongly reduced before the 

plasticity algorithm fails to converge at some integration points. 

The explicit ABAQUS solver might be a better choice with respect to the standard procedure 

because no convergence checks are needed: it looks for a state of dynamic equilibrium at the 

beginning of any time increment, thus avoiding the convergence issue related to the Newton-

Raphson iterations that the implicit solver uses to enforce the static equilibrium. Nevertheless, 

special attention should be paid to define the proper loading rate or mass scaling in order to 

run a quasi-static analysis, taking care that the inertia effects remain almost null. In this case, 

the explicit solver has more or less the same running time of the implicit one because the 

small dimension of some finite elements entails a really small stable time increment. 

6 Conclusions 

The analyzed Theme has been a really challenging exercise because, on one hand, a relevant 

computational effort is needed because the cracking due to extreme temperature variations 

requires a carefully refined mesh to be detected; on the other hand, the convergence is not 

always guaranteed when the analyses are highly non-linear. An interesting alternative 

approach to study such class of problems might be the Extended Finite Element Method 

(XFEM) which allows the cracks to propagate along an arbitrary, solution-dependent path, but 

so far cracks cannot bifurcate or coalesce. 

7 Acknowledgements 

This work has been financed by the Research Fund for the Italian Electrical System under the 

Contract Agreement between RSE and the Ministry of Economic Development - General 

Directorate for Nuclear Energy, Renewable Energy and Energy Efficiency in compliance with 

the Decree of March 8, 2006. 

A special thanks to Alberto Naviglio for his kind and valuable support. 

8 References 

[1] Fenves G., Lee J. (1998). Plastic-Damage Model for Cyclic Loading of Concrete 

Structures. Journal of Engineering Mechanics. 

[2] Dassault Systemes Simulia (2016). Abaqus Theory Guide. 

227



 

 

THERMAL CRACKING OF A CONCRETE DAM, 

PVA ENGINEERING SERVICES 

CONTRIBUTION TO THE ICOLD2017 

BENCHMARK EXERCISE THEMEA 

Varpasuo  Pentti E J1 

1 PVA Engineering Services, Helsinki, FINLAND 

E-mail: pentti.varpasuo@partners.fortum.com 

ABSTRACT: The design and maintenance of existing dams represent a challenge for the whole 

engineering community. In this context, the ICOLD Committee on “Computational Aspects of Dam 

Analysis and Design” has performed contribution to the diffusion of knowledge in the specific field of 

numerical modelling. During its long activity, the Committee has organized 13 Benchmark Workshops 

with the aim to offer dam engineers the opportunity to compare experiences in the proper use of 

numerical analyses. The variation in climate between summer and winter can be significant in 

Northern countries. Thermal analyses are required to determine the temperature distribution within the 

dam body due to the environmental conditions. The task in hand requests results from linear elastic 

analyses as well as results from analyses considering material nonlinearity. The goal of this 

benchmark exercise is to give examples of best practices regarding non-linear modelling of cracking in 

concrete dams and how to consider the loads induced by seasonal temperature variation.. 

1 Introduction 

The following loads are considered in the paper in hand. 1) Gravity loads, 2) Hydrostatic water 

pressure, 3) Seasonal temperature variations. The dam body is considered to be monolithic.. 

The finite element provided by benchmark organizers is model is depicted in Figure 1:. 

 

Figure 1. The finite element  model of the concrete arch dam, spillway and the foundation. 
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2 MATERIAL PROPERTIES 

The concrete corresponds to concrete grade C30/37 where the following material properties 

should be assumed for the concrete material used in the dam and spillway. The concrete  

material properties are given in Table 1: 

Property Value Unit 
E-modulus 33 GPa 

Poisson’s ratio 0.2 - 

Density 2300 kg/m3 
Compressive strength 38 MPa 

Tensile strength 2.9 MPa 

Thermal expansion 1e-5 K -1 

Thermal conductivity 2 W/(m*K) 

Stress/strain free temperature 4 °C 
Specific heat capacity 900 J/(kg*K) 

Table 1. Concrete material properties. 

The rock is considered as a homogeneous linear elastic material. The rock material properties 

are given in Table 2. 

Property Value Unit 

E-modulus 40 GPa 

Poisson’s ratio 0.15 - 

Density 2700 kg/m3 
Thermal expansion 1e-5 K -1 

Thermal conductivity 3 W/(m*K) 

Stress/strain free temperature 4 °C 

Specific heat capacity 850 J/(kg*K) 

Table 2. Rock material properties. 

3 THERMAL LOADS 

The two main sources of external temperatures acting on the concrete dam are the ambient air 

temperature and the temperature of the water. Temperature values for the ambient air and in the 

water have been developed based on temperature statistics for the last 40 years. The temperature 

values have been averaged to give the maximum and minimum temperatures over a 7 day period 

for each month. The maximum and minimum temperature for each month and are shown in 

Table 3: 
Maximum temperatures  Minimum temperatures  

Month  Air (°C)  Water (°C)  Air (°C)  Water (°C)  

Jan  -0.2  0  -25.8  0  

Feb  0.6  0.4  -23.6  0  

Mar  2.4  1.7  -15.7  0  

Apr  6.5  4.6  -6.5  0  

May  14.8  10.4  1.1  0.8  

Jun  18.5  13  6.6  4.6  

Jul  19.7  13.8  10  7  

Aug  18  12.6  7.3  5.1  

Sep  12.6  8.8  1.9  1.3  

Oct  8  5.6  -6.4  0  

Nov  3.1  2.2  -15.9  0  

Dec  0.6  0.4  -23.8  0  

Table 3.   Monthly temperatures.  
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4 MECHANICAL ANALYSES 

The mechanical analyses are performed to calculate the stress and displacement states in the 

concrete arch dam. The loads  in the mechanical analyses are: 1) Gravity loads, 2) Hydrostatic 

water pressure, 3) Temperature variations. The water level for hydrostatic pressure load is up 

to the crest height. 

5 TEMPERATURE LOADS 

The temperature loads are applied in the mechanical analyzes of this paper as follows: 

The minimum and maximum water temperature is applied on the upstream side nodes of the 

arch dam as prescribed boundary condition. The minimum and maximum ambient air 

temperature is applied on the downstream side nodes of the arch dam as prescribed boundary 

condition. All the other parts of the mechanical finite element model are assumed to stay in the 

stress free temperature of 4 degrees of centigrade. The initial temperature for the mechanical 

analysis of finite element model was assumed to be 4 degrees of centigrade. 

6 BOUNDARY CONDITIONS OF THE MECHANICAL 

ANALYZES 

The  base surface of the rock massiv was assumed to be fixed for all sixdegrees of freedom in 

each node. 

7 LINEAR MECHANICAL ANALYSES 

The displacement results of linear mechanical analyzes are given in the Figures 2, 3, 4, 5, 6 and 

7: 

 
Figure 2. The top view of linear crest displacement for gravity and hydrostatic loads. 
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Figure 3. The top view of linear crest displacement for gravity and hydrostatic loads and for 

warmest seasonal temperature. 

 
Figure 4. The top view of linear crest displacement for gravity and hydrostatic loads and for 

coldest seasonal temperature. 
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Figure 5. The vertical section of maximum linear crest displacement for gravity and hydrostatic 

loads. 

 
Figure 6. The vertical section of maximum linear crest displacement for gravity and hydrostatic 

loads and for warmest seasonal temperature 
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Figure 7. The vertical section of maximum linear crest displacement for gravity and hydrostatic 

loads and for coldest seasonal temperature 

8 NONLINEAR MECHANICAL ANALYSES 

The nonlinear stress-strain relationship for the dam concrete is given in Table 4: 

strain 

stress 

(Mn/m/m) 

-1 -38 

-0.002 -38 

-0.0015 -38 

-0.001 -28 

-0.0005 -14 

0 0 

0.00195 3 

1 3 

Table 4. The nonlinear stress-strain relationship for the dam concrete. 

 

The displacement results of nonlinear mechanical analyzes are given in the Figures 8, 9, 10, 11, 

12 and 13: 
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Figure 8. The top view of nonlinear crest displacement for gravity and hydrostatic loads. 

 
Figure 9. The top view of nonlinear crest displacement for gravity and hydrostatic loads and for 

warmest seasonal temperature 
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Figure 10. The top view of nonlinear crest displacement for gravity and hydrostatic loads and 

for coldest seasonal temperature. 

 
Figure 11. The vertical section of nonlinear crest displacement for gravity and hydrostatic loads. 

 

235



 

 

 
Figure 12. The vertical section of nonlinear crest displacement for gravity and hydrostatic loads 

ad for warmest seasonal temperature 

 
Figure 13. The vertical section of nonlinear crest displacement for gravity and hydrostatic loads 

ad for coldest seasonal temperature. 

9 CONCLUSION 

IN this paper a brief description has been presented from the contribution of PVA Engineering 

Services to the ICOLD2017 benchmark exercise themeA. Both linear and nonlinear 

displacement responses for  gravity, hydrostatic pressure and seasonal temperature extremes 

are given. 
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ABSTRACT: “Static and seismic analysis of an arch-gravity dam” is the theme B of the 14
th
 

International ICOLD Benchmark Workshop on Numerical Analyses of Dams. The reference dam is an 

RCC arch-gravity dam currently under construction. Lately, an increasing number of RCC arch-

gravity dams are built. In some cases, their stability relies on arch effect even under static load cases: 

these dams behave in an intermediate way between gravity and arch dams. Therefore, there is a need 

of in-depth understanding of how they withstand water pressure. The participants were requested to 

carry out both static and seismic analyses of the dam. Eight models of increasing complexity were 

proposed. Four of them were optional. The aim of the theme was to assess the influence of several 

advanced modeling approaches. For the static analyses, the effect of a non-linear dam / foundation 

interface and uplift is analyzed. The results show that they do not significantly change the behavior of 

the dam. However, their consideration allows a thorough assessment of the stability state of the dam. 

For the dynamic analyses, the effect of a non-linear dam / foundation interface, a more advanced dam / 

reservoir or dam / bedrock dynamic interaction is assessed. According to the results, the gradual 

consideration of these aspects decreases the dynamic response of the dam. For both static and dynamic 

analyses, the discrepancies in the results of the participants increase with the complexity of the 

calculation approaches. Still, some trends can be drawn. The proposed theme excludes the thermo-

mechanical effect due to the long-term dissipation of the cement hydration heat. Although the final 

numerical values may often be governed by this aspect, it does not qualitatively alter the mechanism 

by which the stability of the dam is guaranteed. 

1 Introduction 

Under favorable conditions (shape of the valley, strength of the bedrock, availability of 

construction materials), the construction of an arch-gravity dam is a more and more 

interesting alternative. 

More specifically, when Roller Compacted Concrete (RCC) is used, such alternative may be 

comparable to a Conventional Vibrated Concrete (CVC) arch dam in terms of costs of the 

project. Moreover, the higher overall thickness of the dam allows its construction on bedrocks 

of lower quality compared to that required for CVC arch dams. 

There are several possible reasons which may induce the arching of the layout of a gravity 

dam: 

1. For hydraulic aspects: curving the spillway increases its discharge capacity; 

2. For seismic aspects: arching the dam prevents from an unacceptable sliding of the dam on 

its foundation; 

3. For the purpose of concrete saving: the downstream slope of an arch-gravity dam may be 

steeper than that of a straight gravity dam. 

The case of the Janneh dam (157m high), under construction in Lebanon, refers subsequently 

to 2. and 3 [1]. 

The numerical simulation of this dam is the subject of the theme B of the 14th International 

Benchmark Workshop on Numerical Analysis of Dams. 

240



2 Specific behavior of arch-gravity dams 

The behavior of straight gravity dams on wide valleys is rather well known and several 

international guidelines may be used in order to assist their design: 

 The dam withstands the water pressure by means of shear strength at the 

dam/foundation interface and at several weak planes in the dam body and/or within the 

bedrock; 

 Crack opening at the upstream toe is generally only allowed for unusual and extreme 

load cases. 

Except for high-seismicity sites, 2D rigid-block analysis is usually considered sufficient to 

assess the stability of such dams. 

When the layout of a gravity dam is curved with a sufficiently low radius of curvature 

(referring to cases 2. or 3. mentioned earlier), arch effect is triggered, even under normal 

operating conditions.  

The arch effect laterally transfers a part of the water pressure to the lateral abutments of the 

dam. This leads to an offloading of the central blocks and an overloading of the bank blocks. 

As a consequence: 

  The overloaded bank blocks exhibits an opening at the upstream toe even under 

normal operating conditions  (Normal Water Level); 

  In addition to water pressure, the bank blocks are laterally loaded by the arch effect. 

Therefore, the bedrock excavation requires a specific geometry at this location in order 

to ensure a satisfactory stability against sliding. 

Due to the opening at the upstream toe of the bank blocks, the grout curtain and the drainage 

gallery have to be moved back toward downstream in order to ensure their efficiency under 

static loads. 

The converging geometry of the excavation prevents from any overall sliding toward 

downstream under the Safety Evaluation Earthquake (SEE). However, the dam and most of its 

appurtenant structures shall remain functional after the occurrence of the Operating Basis 

Earthquake (OBE). 

3 Geometry of the dam 

The Janneh dam is an arch-gravity RCC dam. The dam was initially designed as a straight-

gravity dam. However, due to seismic reasons, its layout has been curved. 

For the purpose of savings on concrete and excavation volume, the downstream toe of the 

dam has been vertically-truncated. Due to this feature, the 2D section of the central block does 

not satisfy the generally adopted stability criteria for straight gravity dams. The stability of the 

dam relies consequently on its 3D behavior. 

The definition of the upstream and the downstream faces of the dam is cylindrical (simple 

curvature). 

The dam is provided with an ungated overflow spillway at its crest. 

The main features of the Janneh dam are provided in the following table. 
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Table 1: Main features of the Janneh dam 

Parameters Value 

Maximum height above bedrock 157m 

Width at the crest 10m 

Maximum width at the base 66m approx. 

Crest length 300m approx. 

Radius of curvature of the upstream face 240m 

Elevation of the crest 847m 

Elevation of the spillway 839m 

Downstream slope from 831.2m down to 752.4 0.8H/1V 

 

The following figures provide with some views of the geometry of the dam. 

 

Figure 1: Plane view and cross section of the central block of the Janneh dam 

 

 

Figure 2: Plane view of the excavation of the bedrock of the Janneh dam 

 

Figure 3: 3D downstream view of the dam (illustration) 
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4 Provided data 

Two different geometry and mesh types were provided to the participants due to the two 

different dynamic interaction approaches to be modeled. 

 

Figure 4: Model geometries for the simplified (left) and advanced (right) dynamic interactions 

 

The following data were provided: 

 2 .dxf geometry files: one including the reservoir for the advanced dynamic interaction 

calculations. The origin of axes is located at the center of generation of the faces of the 

dam. X-axis is positive toward downstream whereas z-axis is positive upward; 

 2 .step geometry 3D files corresponding to the mentioned 2 geometries; 

 2 Ansys mesh files corresponding to the mentioned 2 geometries. The provided mesh 

files do not include interface elements; 

 2 sets of accelerograms (x+z): one for the simplified dynamic interaction and another 

one for the advanced dynamic interactions. 

5 Calculation parameters 

The concrete and the bedrock always follow a linear elastic constitutive law. The vertical 

construction joints (between the blocks) are not taken into account: the dam is considered 

monolithic. 

Depending on the calculation stage, the dam / foundation interface may follow a non-linear 

constitutive law. In such case, it was requested that the interface elements were at least able to 

model the opening at the dam / foundation interface. Ideally they were to follow a Mohr-

Coulomb constitutive law with a tension cut-off. 

The material properties are given in the following table. 
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Table 2: Material properties 

Material Density Static 

deformation 

modulus 

(GPa) 

Dynamic 

deformation 

modulus 

(GPa) 

Poisson’s 

ratio 

p-wave 

velocity 

(m/s) 

c 

(kPa) 

ϕ 

(°) 

Tensile 

strength 

(MPa) 

Concrete 2400 20 30 0.2 - - - - 

Bedrock 2800 
(1)

 25 30 0.25 - - - - 

Water 1000 - - 0.5 1414
(1)

 - - - 

Dam / 

foundation 

interface 
(2)

 

- - - - - 0 45 0 

(1)
 To be used for the advanced dynamic interaction models 

(2)
 To be used for models with a non-linear dam / foundation interface  

 

The deformation moduli of the bedrock were chosen on the higher range of the results of site 

surveys. This is conservative on the point on view of numerical analysis due to the following: 

 A stiff bedrock amplifies the crack opening at the dam / foundation interface; 

 The equivalent damping brought by the radiation of waves toward the boundaries of 

the foundation decreases when the relative stiffness of the bedrock increases (relevant 

only for the advanced dynamic interaction models). 

The suitable stiffness parameters of the dam / foundation interface were defined by each 

participant as they mainly depend on numerical features. 

6 Requested models 

The calculations to be carried followed a progressive approach: the subsequent stages are of 

increasing complexity. 

The following figure summarizes the different models in a flow chart. 

 

Figure 4: Flow chart of theme B 

 

Every stage considers a model of the dam and its bedrock. 
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In order to simplify the calculations, the geometry, the water levels and the material properties 

specified in the instruction text may be different from the real ones used in the design of the 

dam. 

In the following, the stages provided with (*) were mandatory to report if participating to 

theme B. The other stages were optional. 

6.1 Self-weight calculation (*) 

Prior to any other stage, the participants were requested to carry out the self-weight 

calculation of the dam. 

The dam is made of Roller Compacted Concrete (RCC). Therefore, the construction of the 

dam was to be simulated by subsequently activating horizontal layers of approximately 

equivalent thickness. The construction of at least 10 subsequent layers was to be simulated by 

the participants. 

A non-linear behavior of the dam / foundation interface as defined in Table 2 was preferably 

to be considered. However, the participants were allowed to consider the dam attached to its 

foundation if any numerical convergence issue were faced. 

The results presented by the participants for each calculation stage included the combination 

of the self-weight calculation and the mentioned stage. 

For the non-linear static analyses, the self-weight calculation was the initial state of the 

analysis. 

At the end of the self-weight calculation, all the displacements of the model were reset to 

zero. 

6.2 Static analyses 

The static analyses were carried out for a reservoir elevation at NWL (839m). The 

downstream water level was considered at the bedrock level: 690m. 

For each calculation stage, the mutual parameters to be provided by the participants for the 

static analyses were: 

 The evolution of the upstream-to-downstream displacement of the upstream face of 

the central block B0 vs. elevation; 

 The evolution of the upstream-to-downstream displacement (x-directed) of the 

upstream face of the bank block B5 vs. elevation; 

 The evolution of the out-of-plane stress (also called hoop or arch stress) of the 

upstream face of the central block B0 vs. elevation; 

 The resultant shear and normal forces (integration of stresses) at the dam / bedrock 

interface for the central block B0 and the bank block B5 (Figure 5). The resultant 

shear forces were to be projected in the radial direction. 
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Figure 5: Areas of integration of stresses at dam / foundation interface 

Some other parameters were also specifically requested for each model. They are described in 

the paragraphs related to each stage. 

 

Due to its thickness, the effect of uplift is significant on the stability of the dam.  

The distribution of uplift is given in the following sketch. 

 

Figure 6: Distribution of uplift across the dam 

As long as the line defining a cross section of the dam is coincident with the center of 

generation of the dam, this uplift distribution is relevant in the mentioned cross section. 

The uplift is generally applied at the dam / foundation interface. When the piezometric line is 

located below the dam / foundation interface, the uplift to be applied is considered null. 

 

Model 1: Linear analysis (*) 

The linear analysis considers the dam attached to its foundation. The participants were 

allowed to choose whether to use or not interface elements at the dam / foundation interface. 

In any case, the used model behaved as if the dam were attached to its foundation. 
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Uplift was not applied to the model for this stage. 

Model 2: Simplified non-linear analysis (*) 

The simplified analysis includes interface elements at the dam / foundation interface. The 

uplift was applied to the dam as external forces. 

It was requested that the interface elements were at least able to model the opening at the dam 

/ foundation interface. Ideally, they followed a Mohr-Coulomb constitutive law with a tension 

cut-off. 

The participants were also requested to provide with the evolution of the opening along a path 

at the dam / foundation interface of the joint between blocks B3 and B5 (Figure 7). 

The opening mentioned here refers to the normal relative displacement at the dam / 

foundation interface. 

 

Figure 7: Path of the calculation of the opening at dam / foundation interface 

 

Model 3: Non-linear analysis with propagation of uplift 

This stage is basically the same as the previous one except the propagation of uplift is 

modeled at the opened region of the dam / foundation interface.  

The formulators proposed to apply a full uplift pressure at the opened regions of the interface 

but the participants were free to propose any other law that they believe to be relevant. 

For this stage, the participants were also allowed to use the pore pressures as a variable of the 

model i.e. the calculations are carried out under effective stress state. The distribution of pore 

pressure within the dam body (and possibly the bedrock) then generates a heave which 

resultant is more or less equivalent to the uplift. 

The participants were also requested to provide with the evolution of the opening along the 

same path as the one described in the previous stage (Figure 7). 

6.3 Seismic analyses 

The seismic analyses were carried out for the OBE event. The PGA is 0.37g. 

The water level considered was also NWL (839m). 

The mutual parameters to be provided by the participants were as follows: 

 The maximum upstream-to-downstream displacement at the crest of the central block 

B0 and at that of the bank block B5 (x-directed) (Figure 8 ); 

 The maximum vertical stress at two locations of the vertically-truncated toe of the 

central block (Figure 9); 

 The maximum out-of-plane stress (also called hoop or arch stress) at one location of 

the upstream face of the central block (Figure 10). 
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Some parameters were also to be provided for specific stages. They are described in the 

paragraphs related to each stage. 

 

 
Figure 8: Maximum displacement and acceleration calculation points at the crest 

 

 
Figure 9: Maximum vertical stress calculation points 

 

 
Figure 10: Maximum arch stress calculation point 

Model 4: Non-linear pseudo-static analysis based on the site response spectrum 

acceleration (*) 

The calculations were based on a non-linear model conforming at least to model 2 which 

results are considered as the initial state of the calculations. 

The calculations were to be carried out considering the following: 

 The seismic inertia load is applied subsequently toward downstream and then toward 

upstream; 

 The hydrodynamic pressure is calculated according to Westergaard’s approach; 

 When the seismic inertia load is applied toward upstream, so is the Westergaard’s 

hydrodynamic pressure. The water static pressure is directed toward downstream; 

 The foundation is considered massless (not submitted to inertia forces). 
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Prior to the pseudo-static analysis, an eigenvalue analysis were to be carried out by the 

participants in order to assess the period and the modal mass of the 1st Eigen mode of the 

system. 

The seismic inertia loads were calculated based on the site spectrum acceleration related to 

the 1st resonant mode of the system. 

The site spectrum acceleration was assessed based on the site spectrum given in the following 

figure. The site spectrum is provided with a damping of 5%. 

 
Figure 11: Site spectrum of accelerations 

Table 3: Site spectrum acceleration data 

Periods (s) Acceleration 

(m/s²) 

0.003 

0.1 

0.2 

0.3 

0.4 

0.6 

0.8 

1 

1.5 

2 

3 

3.66 

7.95 

8.94 

7.71 

6.53 

4.57 

3.46 

2.68 

1.72 

1.18 

0.68 

Model 5: Linear time-history analysis with simplified dynamic interactions (*) 

The calculations were based on a linear model: the dam is attached to its foundation. 

The participants carried out a time history analysis. The inputs were a set of accelerograms 

provided by the formulators. 

For this calculation the following assumptions were adopted: 

 The generalized Westergaard’s added masses were used to simulate the fluid-structure 

interaction; 

 The foundation was considered massless; 

 The damping was 5% (dam and foundation). 

The participants were free to choose the dynamic integration method. If the modal 

superimposition method were used, the considered modes cumulated at least 85% of the total 

modal masses of the system in the upstream to downstream direction. 

The participants were also encouraged to provide with the response spectra of accelerations 

calculated at the crest and at a mid-height elevation for the central block B0 and for the side 

block B5 (x-directed) (Figure 12). At least, the participants provided with the histories of 

calculated accelerations at the mentioned locations. 
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Figure 12: Points for response spectra and/or histories of accelerations 

Model 6: Non-linear time history analysis with simplified dynamic interactions 

The calculations are basically the same as the one described in the previous stage except the 

calculations are based on a non-linear model (at least model 2). The model 2 results were 

considered as the initial state of the calculations. 

The constitutive law at the dam / foundation interface was at least able to allow the 

subsequent opening and closure of the interface. Ideally, the constitutive law was Mohr-

Coulomb with a tension cut-off. 

The uplift was considered steady during the seismic calculations. 

The participants were also requested to provide with the histories of sliding and/or opening at 

the upstream and downstream toe of the central block B0 and of the bank block B5 (Figure 

13). 

The sliding mentioned here is the radial tangential relative displacement at the dam / 

foundation interface 

 

Figure 13: Histories of sliding and / or opening points 

Model 7: Linear time-history analysis with advanced dynamic interactions 

The calculations are basically the same as model 5 except the assumptions related to dynamic 

interactions which are as follows: 

 The compressibility of water was considered in the approach used to simulate the 

fluid-structure interaction. The absorption of waves at the bottom of the reservoir was 
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not considered. The reservoir length was considered infinite toward the upstream 

direction. The participants were encouraged to describe the used formulation; 

 The foundation was provided with density and the boundary of the model took in to 

account the radiation of outward waves toward the free-field domain. The participants 

were also encouraged to describe the used formulation; 

 The considered material damping was 5% for the dam only. The foundation was not 

provided with material damping. 

 

Due to the resolution of wave propagation in the foundation, the participants were provided 

with specific geometry/mesh and set of accelerograms to be applied at the bottom of the 

model. The provided set of accelerograms was only relevant for the provided geometry of the 

foundation. Therefore, the participants could not change the depth of the modeled foundation. 

Otherwise, they had to calculate the appropriate set of accelerograms. 

The outcrop signal chosen here is the one measured at the downstream of the dam, at the 

bottom of the valley and on a free-field domain (Figure 14). 

 

Figure 14: Location of the outcrop signal 

The participants were also encouraged to provide with the response spectra of accelerations 

calculated at the crest and at a mid-height elevation for the central block B0 and for the side 

block B5 (Figure 12). At least the participants provided with the histories of calculated 

accelerations at the mentioned locations. 

Model 8: Non-linear time history analysis with advanced dynamic interactions 

The calculations were based on the same assumptions as model 7 except the dam / foundation 

interface follows a non-linear constitutive law. 

Model 2 at least was used as initial state of the calculations. 

The uplift was considered steady during the seismic calculations. 

The constitutive law at the dam / foundation interface was at least able to allow the 

subsequent opening and closure of the interface. Ideally, the constitutive law was Mohr-

Coulomb with a tension cut-off. 

The participants were also encouraged to provide with the response spectra of accelerations 

calculated at the crest and at a mid-height elevation for the central block B0 and for the side 

block B5 (Figure 12). At least the participants provided with the histories of calculated 

accelerations at the mentioned locations. 

The participants were also requested to provide with the histories of sliding and/or opening at 

the upstream and downstream toe of the central block B0 and of the bank block B5 (Figure 

13). 

251



7 Statistics of participants 

Ten participants had presented their results during the workshop in Stockholm. For nine of 

them, only the last versions of the results are presented herein as there were a few 

intermediate results which were updated by means of supplementary questions asked by the 

formulators. 

For one of them, the results could not be updated as they were provided a couple of weeks 

after the Workshop in Stockholm. 

The following table gives the list of the participants. 

Table 4: List of participants 

Organization Main 

Author 

Country 

University of Thessaly Kollatou Greece 

AFC-Diana FEA BV Teodori Switzerland 

CIMNE Gracia Spain 

RSE S.p.A Faggiani Italy 

Tractebel Engineering France Fray France 

SS Cyril and Metodius University Mitovski Republic of Macedonia 

USBR-Diana FEA BV Salamon USA 

EDF Robbe France 

TU Graz Staudacher Austria 

Politecnico di Torino Valente Italy 

 

From this point downward, the participants are referred to as Px where “x” is a specific 

number. The order of the participants between Table 4 and Table 5 is not matching. 

The following table gives some numerical features of the presented models for static analyses. 

Table 5: Numerical features – static analyses 

Participant 

No. 

Calculation 

code 

Use of the 

provided 

mesh 

Integration 

scheme 

Type/size of 

elements 

Interface elements 

P1 Diana FEA No Implicit Linear 3-5m Interface elements 

P2 Abaqus Yes Implicit Quadratic 
Frictional contact + 

gap opening 

P3 CANT-SD No Implicit 

Quadratic near-

field, linear far-

field, 10m 

10cm thick 

interface elements 

P4 
Kratos 

Multiphysics 
No Implicit 

Linear 

tetrahedral – 

3m 

Joint element with 

cohesive law 

P5 Sofistik No Implicit 
Linear hexa – 

6m 
Spring elements 

P6 Diana FEA No Implicit 
Linear hex dom 

– 10m 
Joint elements 

P7 ASTER Yes Implicit 

Quadratic for 

massless, linear 

for adv. 

interactions 

Joint elements 

P8 Diana FEA No Implicit Quadratic – 3m Interface elements 
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Participant 

No. 

Calculation 

code 

Use of the 

provided 

mesh 

Integration 

scheme 

Type/size of 

elements 

Interface elements 

P9 Abaqus No Implicit Linear 

tetrahedra -5m 

Node-to-surface 

contact + penalty 

method 

P10 Abaqus No Implicit 

Quadratic tetra 

for the dam, 

mixed tet-hex 

for the 

foundation, 

linear element 

for dynamic 

analyses 

Surface-to-surface 

contact + hard 

normal contact 

Reference 

model 
FLAC3D Yes Explicit 

Mixed 

discretization 

scheme 

Discrete element 

method 

formulation 

 

The reference model carried out by the formulators doesn’t claim to be the optimum solution. 

Its results are only given as a means of comparison. However, the analysis of the results 

shows that there is always a few group of participants which results are in very good 

agreement with that of the reference model. 

Only two participants could use the mesh provided by the formulators. The difficulty arose 

from the pyramid elements in the mentioned mesh which were not always compatible with the 

calculation codes used by some participants. 

Two types of unusual interface element may explain some discrepancies in the results: the 

spring elements (P5) and the interface elements with cohesive law (P4). 

Except the reference model which calculation code uses an explicit integration scheme, all the 

participants used an implicit code. 

P1 included 10 vertical construction joints in the model. As the construction joints were not 

provided with shear keys, the numerical model of the dam did not behave in a monolithic 

way. This generated also some discrepancies in the results. 

 

The following table gives some numerical features of the presented models for seismic 

analyses. 

Table 6: Numerical features – dynamic analyses 

Participant 

No. 

Dynamic 

integration 

method 

Damping Simplified 

dam-

reservoir 

interaction 

Advanced 

dam-reservoir 

interaction 

Bedrock radiation 

boundary 

conditions 

P1 Newmark Rayleigh Westergaard - - 

P2 
Newmark / 

HHT 
Rayleigh Westergaard - 

Dashpots at the 

bottom of the 

model below a 

massless bedrock 

P3 HHT Rayleigh 

Incompressib

le acoustic 

elements 

Acoustic 

elements + 

bottom 

absorption 

- 
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Participant 

No. 

Dynamic 

integration 

method 

Damping Simplified 

dam-

reservoir 

interaction 

Advanced 

dam-reservoir 

interaction 

Bedrock radiation 

boundary 

conditions 

P4 Newmark Rayleigh Westergaard - - 

P5 Wilson Theta Rayleigh Westergaard Sub-structuring - 

P6 Newmark Rayleigh Westergaard 

Incompressible 

acoustic 

elements 

Perfectly Matched 

Layers 

P7 Newmark Rayleigh Westergaard 
Potential-based 

fluid elements 

VSB at the bottom 

/ VSB + free-field 

at the lateral faces 

P8 Newmark Rayleigh Westergaard - 

Lysmer-

Kuhlemeyer at the 

bottom 

P9 
Modal 

superposition 
Rayleigh Westergaard - 

Node-to-surface 

contact + penalty 

method 

P10 HHT Rayleigh 
Acoustic 

elements 

Acoustic 

elements 
 

Reference 

model 
Explicit 

Rayleigh 

mass 
Westergaard 

Mixed 

discretization 

scheme 

Lysmer-

Kuhlemeyer at the 

bottom / Lysmer-

Kuhlemeyer  + 

free-field at the 

lateral faces 

 

The following participants had derogated to the formulation text: 

 P2 applied dashpots at the boundaries of a massless foundation. Consequently, the 

model initially intended for model 5 was considered to be similar to the specifications 

of model 7; 

 P3 considered a partial absorption of waves at the bottom of the reservoir;  

 P6 did not consider the water compressibility for the advanced dynamic interaction. 

 

P8 considered a Lysmer-Kuhlmeyer boundary condition at the bottom of the bedrock but the 

lateral faces were reflective. This may explain some discrepancies of the corresponding 

results. 

P7 and the reference model considered the reservoir attached to the bedrock so as vertical 

pressure waves from the bedrock also influenced the response of the reservoir. 

 

The following table summarizes the statistics of the model actually carried out by the 

participants. 
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Table 7: Models carried out 

Participant 

No. 

Model 

1 

Model 

2 

Model 

3 

Model 

4 

Model 

5 

Model 

6 

Model 

7 

Model 

8 

P1 X X  X X X   

P2 X X  X   X
(1)(3)

  

P3 X X  X X X X
(2)

 X
(2)

 

P4 X X  X X X   

P5 X X X X X X X
(2)

 X
(2)

 

P6 X X X  X  X  

P7 X X X X X X X X 

P8 X X  X   X
(3)

 X
(3)

 

P9 X X  X X    

P10 X X  X X    

Total 10 10 3 9 8 5 5 4 
(1)

 P2 combined dashpots with a massless foundation. Although such approach is unusual, it 

can be considered to be an advanced dam / foundation dynamic interaction. 
(2)

 Advanced dynamic interaction for dam / reservoir interaction only. 
(3)

 Advanced interaction for dam / foundation interaction only. 

 

Except P6 who did not carry out model 4 (non-linear pseudo-static) and P8 who did not carry 

out model 5, all contributors presented the results for the mandatory models. More 

specifically, P8 considered that the use of massless foundation needed to be abandoned by the 

practice as the authors judge this approach pessimistic and unrealistic. 

On the other hand, for P2, the results initially intended for model 5 was requalified as a model 

7 as the authors combined dashpots with a massless foundation. 

Two contributors out of ten presented the results for all the models of the theme. 

P7 and P9 indicated that the choice of the location of outcrop signal is rather arbitrary. 

Therefore, they also presented results for an outcrop signal at the top of the valley (Figure 15) 

for model 7 and 8. 

 

Figure 15: Possible alternative for the location of the outcrop signal 
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8 Results of static analyses 

8.1 Model 1 

The following figures compare the calculated: 

 X-directed displacements for B0 and B5; 

 Arch stresses for B0. 

 

Figure 16: X-directed displacements of B0 and B5 – Model 1 

 
Figure 17: Arch stress of B0 – Model 1 

 

The calculated displacements of B0 are very consistent. The calculated range at the crest is 

from 18 to 21mm. 

The calculated displacements of B5 are consistent. The consideration of vertical construction 

joints without shear keys explains the higher value for P1. For P8, the discrepancy remains 

unexplained. According to the formulators, this may be due to the projection of the direction 

of the displacements. Excluding the extreme values, the calculated range at the crest is from 6 

to 8mm. 

The calculated arch stresses of B0 are consistent. The discrepancy for P4 is due to the use of 

interface elements with cohesive law at the dam / foundation interface. The maximum arch 

stress is calculated at elevation 760m. Its mean value is about 1.5MPa. 

The following figures compare the calculated: 

 Normal resultant forces at the bottom of B0 (N); 

 Shear resultant forces at the bottom of B0 (T); 

 The margin against a local sliding at the bottom of B0 (FLS). 
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The margin against local sliding is calculated as follows: 

𝑀𝐿𝑆 = 𝑁.
tan(𝜙)

𝑇
 with:  

 ϕ the friction angle of the dam / foundation interface (45°). 

 

 
Figure 18: Local sliding state parameters of B0 – Model 1 

 

The calculated normal resultant forces at the bottom of B0 show a good consistency. The 

discrepancy for P4 and P5 is due to the use of unusual interface elements: cohesive law and 

spring elements respectively. Excluding these extreme values, the calculated range is from 

3110 to 3931MN. The self-weight of B0 is about 4850MN. As the dam is built by means of 

subsequent horizontal layers, the self-weight is offloaded of about 25 to 30% toward the 

banks of the valley. 

The calculated shear resultant forces at the bottom of B0 show a good consistency. The 

discrepancy for P2 and P9 are unexplained.  For P5, this is due to the use of spring elements 

at the dam / foundation interface. Excluding the extreme values, the calculated shear resultant 

forces range from 934 to 1060MN. The hydrostatic resultant force for B0 is about 3420 MN. 

Consequently, about 75% of the applied hydrostatic pressure is offloaded to the side blocks 

by means of arch effect. 

Despite the rather good consistency of the calculated normal and shear resultant forces, the 

calculated margins against local sliding for B0 are rather spread out. Actually, the differences 

from the resultants forces are multiplied up for the calculation of the local sliding factor. 

Excluding P4 whose resultant normal force can be considered abnormally amplified by the 

use of interface elements with cohesive law, the margin against local sliding is between 2.2 

and 4 for B0.  
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The following figures give the local sliding state parameters for B5. 

 

 

 
Figure 19: Local sliding state parameters of B5 – Model 1 

 

The calculated resultant normal forces show a rather good consistency. Excluding P8 with a 

rather low value, the calculated range is from 2929MN to 3640MN. 

 

On the other hand, the calculated resultant shear forces are rather spread out. This may be due 

to the calculation of the direction of projection (requested to be toward the radial direction). 

Another explanation may be the local direction of the “plunging arch” which small variation 

at the scale of the dam may generate a significant difference at the scale of the block (figure 

20). In such a hyperstatic model, the choice of interface element stiffness may actually 

influence the direction of this plunging arch. 
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Figure 20: Illustration of the plunging arch: plane view (top), 3D downstream view (bottom) 

 

The hydrostatic resultant force of the block B5 is about 735 MN. Except for P8, B5 is 

overloaded compared to its own hydrostatic resultant force. The maximum overloading factor 

is 4. 

The discrepancies of the calculated resultant shear force for B5 are magnified in the 

calculation of the margin against local sliding. The calculated values range from 1.2 to 3.2. 

8.2 Model 2 

Overall, the calculated results are less consistent compared to model 1. This is due to the 

addition of two supplementary complexities: the non-linear dam / foundation interface and the 

application of uplift. 

 

Figure 21: X-directed displacements of B0 and B5 – Model 2 
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Figure 22: Arch stress of B0 – Model 2 

 

The calculated maximum crest displacements for B0 range from 17 to 31mm. The high value 

reached by P9 is due to the use of a viscoelastic constitutive law which takes into account the 

long term creep of concrete. The rather low value for P2 is unexplained. Excluding these two 

values, the average calculated maximum crest displacement is about 20mm. This value is very 

slightly higher than for model 1. 

 

For B5, the calculated maximum crest displacements range from 6 to 10mm. It is reminded 

that P1 modeled 10 vertical construction joints which may explain the high calculated value. 

For P8, the high calculated value may be explained by a rather low value of interface element 

stiffness. Excluding these two extreme values, the average calculated maximum crest 

displacement for B5 is about 7mm: the same as for model 1. 

 

The minimum and the maximum arch stress for B0 are given respectively by P4 and P1. For 

P4, this may be due to the use of interface elements with cohesive law which generates 

singularities at the dam / foundation interface. For P1, this may be due to the consideration of 

the vertical construction joints which leads to a higher adaptation (non-linearity) of the dam. 

Excluding these two extreme values, the calculated average maximum arch stress is 1.7 MPa, 

which is slightly higher than for model 1. 
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Figure 23: Local sliding state parameters of B0 – Model 2 

 

For the calculated resultant normal forces at the bottom of B0, the discrepancies may be 

explained as follows: 

 The consideration of the vertical construction joints without shear keys for P1, which 

leads to a higher adaptation of the dam. B0 is consequently subjected to a higher 

offload; 

 The use of rather unusual interface elements (P4, P5) which generates singularities at 

the dam toe: respectively interface elements with cohesive law and spring elements; 

 The use of viscoelastic constitutive law (P9) in order to model the long term creep of 

the concrete. 

Excluding these extreme values, the calculated resultant normal forces at the bottom of B0 

range from 3088 to 3661MN. This is slightly lower than for model 1, probably due to uplift. 

 

The calculated resultant shear forces at the bottom of B0 are more consistent. The 

discrepancies are or unexplained (P2) or may be due to the use a viscoelastic law (P9). 

Excluding these two values, the calculated resultant shear forces range from 935 to 1270 MN. 

The values are generally slightly higher than for model 1. 

 

The margin against local sliding is again rather spread out. Excluding the models with 

unusual interface elements (P4, P5), the calculated values range from 1.64 to 3.21. These 

values are generally lower than for model 1. 

 

261



 
Figure 24: Local sliding state parameters of B5 – Model 2 

 

The calculated resultant normal forces at the bottom of B5 are rather consistent. The 

discrepancies may be explained as follows: 

 The consideration of a tied dam/foundation interface for the self-weight calculation for 

P6. This leads to a significant vertical arching; 

 The use of a rather low value interface element stiffness for P8. 

Excluding these extreme values, the calculated resultant normal forces for B5 range from 

2570 to 3388 MN. They are lower than for model 1. 

 

The calculated resultant shear forces at the bottom of B5 are spread out. Aside the variation of 

the direction of the plunging arch, the discrepancies may be explained by the following 

factors: 

 The consideration of the construction vertical joints without shear keys for P1; 

 The use of interface elements with cohesive law for P4; 

 The use of a tied dam/foundation interface for the self-weight calculation for P6. 

 The use of a rather low value of interface element stiffness for P8. 

 

Despite spread out values of calculated shear resultant forces, the calculated margins against 

local sliding are rather consistent. Excluding P6 with the linear self-weight calculation, the 

values range from 1.22 to 2.16. These values are lower than for model 1 and can be attributed 

to at least the application of uplift. The effect of the non-linear dam/foundation interface is so 

far unclear. 

 

The following figure shows the evolution of the opening at the dam/foundation interface 

along the path described in figure 7. 
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Figure 25: Contact opening at the toe of B3/B5 – Model 2 

 

The maximum values are rather spread out and range from 1.5 to 4mm excluding P4 and P5 

which show very low opening if any, due to the unusual interface elements. 

Still, the evolutions of the opening follow a common trend: the contact closes at 

approximately 15m from the upstream toe. This trend is clearly governed by the geometry of 

the contact and seems to be delimited by the upstream surface of the contact (figure 5). 

The rather low value of interface stiffness appears to be confirmed for P8 which mesh 

penetration reaches 2cm on the downstream toe, which magnitude is as high as the opening at 

the upstream toe. 

8.3 Model 3 

The aim of model 3 is to model the propagation of uplift in the opened region of the dam / 

foundation of interface. 

The participants were free to propose their hypotheses of propagation of uplift, based on their 

own experiences. 

Three participants had carried out model 3. The used hypotheses were rather different, to 

rather spread out results: 

 Full uplift as proposed by the formulators in the opened regions for P5; 

 Poiseuille’s law in the dam / foundation interface for P7; 

 Poroplastic approach modeling the cracks within the bedrock mass (instead of at the 

dam / foundation interface) for P6. The calculations are carried out under effective 

stress state for the whole model: pore pressures are used as a model parameter (Biot’s 

coefficient = 0.2); 

 Full uplift in the opened regions of the dam / foundation interface for the reference 

model. As well as for P6, the pore pressures are used as a model parameter (Biot’s 

coefficient = 1). 
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Figure 26: X-directed displacements of B0 and B5 – Model 5 

 

 

Figure 27: Arch stress of B0 – Model 3 

The maximum calculated displacements at the crest of B0 range from 17 to 23mm. This is the 

same range as models 1 and 2. 

The maximum calculated displacements at the crest of B5 range from 5 to 8mm. The 

significant difference between P6 and the reference model is here due to the different values 

of Biot’s coefficient. 

For the calculations of existing dams, such discrepancies are usually avoided owing to the 

calibration of the calculated displacements to the monitored ones. 

The maximum arch stress at B0 ranges from 1.5 to 1.8MPa. 
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Figure 28: Local sliding state parameters of B0 – Model 3 

Excluding P5 with the use of spring elements at the dam / foundation interface, the results are 

rather consistent. The margins against local sliding for B0 range from 2.7 to 3.2. 
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Figure 29: Local sliding state parameters of B5 – Model 3 

The calculated values are spread out. The high resultant values for P6 may be explained by 

the consideration of a tied dam/foundation interface during the self-weight calculation. Still, 

the calculated margins against local sliding for B5 range from 1.6 to 2.3 which appears to be 

higher than model 2. However this conclusion is to be mitigated by the limited numbers of 

participants. 

 

Figure 30: Contact opening at the toe of B3/B5 – Model 3 

Only two results are available about the contact opening at the toe of B3/B5. Actually, for P5 

the contact barely opens due to the use of spring elements. For P6, the crack opening occurs 

deeper in the bedrock mass and the equivalent total opening could not be assessed. 

Still the general trend shown in model 2 is confirmed again: the contact closure occurs at a 

radius of about 15m and is consequently governed by the geometry of the excavation. 
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8.4 Discussions 

The analysis of the results of model 1 to model 3 shows that the discrepancies increase with 

the complexity of the calculation approach. 

Up to model 2, the displacements are rather consistent but the use of pore pressures as a 

model parameter greatly influences the calculated values. This is due to the fact that a 

variation of the piezometric surface induces a displacement of both the bedrock mass and the 

concrete mass. The displacements are mainly governed by the Biot’s coefficient which 

expresses the fraction of pore pressure to be subtracted to the total stress of the medium. 

The calculated arch stress of the upstream face of B0 appears to be rather constant through the 

different models and participants, except near the dam / foundation interface where there may 

be singularities. 

The most varying parameter appears to be the resultant shear force of B5. This may be 

explained by the local variation of the direction of the plunging arch as each model has its 

own interface stiffness values. Another solution would have been to specify clear instructions 

with these stiffness values. However, it is obvious that some of the models would have 

encountered numerical convergence issue in such conditions. 

The results show that there isn’t any significant change in the calculated displacements 

between the linear and the non-linear models. There is a slight arch stress increase: about 10 

to 15%. This indicates that the adaptation of the dam due to non-linearity is low. 

On the other hand, the margin against local sliding exhibits a decrease of about 20 to 25% 

from model 1 to model 2. This is mainly due to the consideration of uplift but seems to be 

barely influenced by the non-linear effects. 

However, conducting non-linear analyses here permits to check that even if contact opening 

occurs at the dam / foundation interface, the margin against local sliding is high enough to 

ensure the stability of the block. The few results of model 3 show that the block remains 

stable even if the uplift propagates in the opened regions. 

Based on experience, many arch dams exhibit contact opening under normal operating 

conditions with a very satisfactory behavior. 

In the case of the Janneh dam, the drainage galleries and the grout curtain are moved back in 

order to avoid the opened regions of the dam / foundation interface [1]. Almost all the results 

agree that the area of opened regions is governed by the geometry of the excavation. 

 

Figure 31: 3D view of the drainage galleries of the Janneh dam 

Finally, the main question raised by the participants about the static analyses is the effect of 

the dissipation of the concrete hydration heat and the vertical construction joints. These 

aspects are addressed in a separate paper [2]. 
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9 Results of dynamic analyses 

Except for model 4, the results of the models are analyzed in pairs in order to emphasize the 

effects of advanced dynamic interactions (dam / reservoir and dam / foundation).  

9.1 Model 4 

It is reminded that P6 did not carry out model 4. Moreover, P5 did not carry out the 

calculation with the inertia loads toward upstream. 

 

The following figure shows the calculated periods of the first Eigen mode of the dam / 

reservoir / foundation system and the corresponding modal masses. 

 

 

Figure 32: Periods of the 1
st
 Eigen mode and corresponding modals masses – Model 4 

The calculated periods of the 1
st
 Eigen mode of the system are rather consistent. They vary 

from 0.31 to 0.4s excluding P4 because of the consideration of an empty reservoir. 

The corresponding modal masses are also consistent.  

P4 may be excluded due to the same reason as here above. The calculated value from P10 is 

also low and remains unexplained. 

For this parameter, the reference model shows also a slightly lower value (45.5%) compared 

to the overall participants (50.3 to 62%). 

 

 

 Figure 33: Expected spectral accelerations – Model 4 

The calculated periods are displayed on top of the site spectrum of accelerations in figure 33. 

The expected spectral acceleration ranges from 6.5 to 7.5 m/s². 

 

The following figure shows the calculated x-directed displacements at the top of B5 and B6. 
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Figure 34: X-directed displacements at the crest – Model 4 

When the inertia loads are applied toward downstream, the calculated displacements are 

rather spread out: from 30 to 85mm for B0 and from 17 to 37mm for B5. If the results are 

restricted to the reference model and a few group of consistent values the average calculated 

displacements are: 

 70mm at the crest of B0; 

 35mm at the crest of B5. 

 

The calculated displacements when the inertia loads are applied toward upstream are clearly 

spread out. This is probably due to the fact that such load case is rather unusual and that the 

initial instructions could have been clearer. 

 

The following figures show the calculated stresses at the vertically truncated downstream face 

of the dam (B0). 
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Figure 35: Vertical stresses at the vertically truncated downstream face of B0 – Model 4 

Compressive stresses are negative. 

The calculated vertical stresses at the vertically truncated downstream face of B0 are rather 

spread out when the inertia loads are applied toward downstream. The stresses are 

compressive and range from 0.5 to 1.6MPa at elevation 737. The calculated range is from 1 to 

3.4MPa at elevation 713.5. If only the most consistent values are considered, the average 

values are: 

 1 MPa at elevation 737; 

 2MPa at elevation 713.5. 

As for the displacements, the calculated stresses are very spread out when the inertia loads are 

applied toward upstream. The maximum (tensile) value is 1.25MPa. 

9.2 Model 5 and Model 7 

It is reminded that model 7 includes advanced dynamic interactions. 

There are various hypotheses for the advanced dynamic interaction which differ from the 

initial instructions: 

 The consideration of massless foundation with dashpots for P2, combined with 

Westergaard’s added masses; 

 The consideration of compressible water for P3 (acoustic elements) and P5 (sub-

structuring) and combined with a massless foundation. Bottom absorption of waves in 

the reservoir is also considered for P3; 

 The consideration of incompressible water for P6.  
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Figure 36: X-directed maximum displacement toward downstream (mm) 

For model 5, the calculated x-directed displacements at the crest of the dam are rather 

consistent. The discrepancies are or unexplained (P9), or may be due to time integration 

according to the participant (P4) or may be due to the use of spring elements (P5). 

Excluding the extreme values, the calculated displacements range from 75 to 100mm at the 

crest of B0 and from 30 to 60mm for the crest of B5. The calculated ranges of model 4 are 

generally the lower bound of that of model 5. 

 

For model 7, the calculated displacements are rather consistent for B0 despite the different 

hypotheses. The values are rather spread out for B5. The displacements range from 50 to 

90mm for B0 and from 18 to 47mm for B5. These values are lower than for model 5 (20%). 
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Figure 37: Vertical tensile stresses at the vertical downstream face (MPa) 

 

The maximum vertical tensile stresses at the vertical downstream face of B0 are rather 

consistent at elevation 737. The values are rather spread out at elevation 713.5, probably due 

to the combined vicinity of the dam / foundation interface and the low values. Excluding P4 

with a probable time integration issue, P5 with the interface spring elements, the maximum 

tensile vertical stresses range from: 

 1 to 2MPa at elevation 737; 

 0.5 to 1MPa at elevation 713.5. 

The same comments about the consistency apply to model 7 except there is a significant drop 

of the stresses: more than 50% lower. 

In any case, such values are lower than the dynamic tensile strength of RCC. Therefore, a 

crack opening from the downstream toe seems to be excluded. 
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Figure 38: Tensile arch stresses at the crest of B0 (MPa) 

The maximum tensile arch stresses at the crest of B0 are rather spread out. This may be 

attributed to unclear initial instructions about the altitude of calculation to the participants. 

Moreover, generally speaking, stress values are rather variable due to the different stress 

integration and averaging methods. 

However, for a majority of the participants, the calculated tensile arch stress range from: 

 4.5 to 6MPa for model 5; 

 2.1 to 3MPa for model 7. 

This confirms the drop of calculated stresses for model 7. 

However, as the dam is equipped with vertical construction joints (with practically no tensile 

strength), it appears that they may be subjected to subsequent openings and closures during 

the seismic event. 

The following figure shows the 5% damping response spectra of the calculated x-directed 

accelerations at the crest of B0. 
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Figure 39: Response spectra of x-directed calculated accelerations at the crest of B0 (m/s²) 

Excluding P5 (spring elements), P4 (probable issue with time integration) and P9 

(unexplained), the results are rather consistent for model 5 and highlight two Eigen modes: 

 The first one at 3Hz (100-150m/s²); 

 The second one at 7Hz (150-300m/s²). 

 

The results are rather spread out for model 7 but excluding P2 (massless foundation + 

dashpots), a significant drop in the dynamic response of the dam can be noticed. 

Here, P3 with a massless foundation exhibits a rather high response at 7Hz compared to the 

other participants using an advanced dam / foundation dynamic interaction. 

However, excluding P5 (spring elements), the two Eigen modes are still noticeable, but with a 

rather less precise frequency and above all a significantly lower response: 

 100m/s² for the 3Hz Eigen mode; 

 75m/s² for the 7H Eigen mode. 

9.3 Model 6 and Model 8 

It is reminded that model 6 and model 8 are based on the same hypotheses as respectively 

model 5 and model 7 except they consider both opening and sliding at the dam / foundation 

interface. 

The overall calculated results show the same trends as for model 5 and model 7 except: 

 The overall dynamic response is slightly lower (10-15%); 

 The calculated frequencies are slightly lower; 

 The discrepancies are slightly higher. 
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The same calculated parameters as for model 5 and model 7 are shown as a means of 

comparison in the following. 

 

Figure 40: X-directed maximum displacement toward downstream (mm) 
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Figure 41: Vertical tensile stresses at the vertical downstream face (MPa) 
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Figure 42: Tensile arch stresses at the crest of B0 (MPa) 
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Figure 43: Response spectra of x-directed calculated accelerations at the crest of B0 (m/s²) 

 

Model 6 and model 8 permit also to assess the sliding at the dam / foundation interface during 

the seismic event. 

The following figure shows the calculated sliding at the upstream toe of B0. 
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Figure 44: Sliding at the upstream toe of B0 

 

Among the available models, only P3, P7 and the reference model provide with comparable 

results. Still, the calculated sliding values are rather consistent and their evolutions over the 

time history are rather similar. 

It is reminded that for model 8, P3 considered a massless foundation. This explains the higher 

final post-earthquake sliding. However, the total calculated post-earthquake sliding values 

show a significant drop between model 6 (35mm) and model 8 (7mm). 

9.4 Discussions 

The subsequent five models dealing with dynamic analyses bring a progressive insight about 

the behavior of the dam. Here again, the discrepancies arise from: 

 The increasing complexity; 

 The fact that a calculation approach is unusual (e.g. inertia toward upstream for the 

pseudo-static analysis). 

The use of a pseudo-static approach seems to provide with the appropriate preliminary 

parameters (crest displacements, main stresses) provided that spectral acceleration is used. 

Probably the Eigen mode used needs to be associated to a significant modal mass. 

The use of simplified dynamic interactions (traditional approach in dam engineering) permits 

to assess the main Eigen mode of the system. However, the overall dynamic response is 

significantly overestimated. 

The decrease of dynamic response is brought by (pessimistic values and specific to the case of 

the calculated dam): 

 An advanced dam / foundation dynamic interaction (25-50%); 

 An advanced dam / reservoir dynamic interaction (20-25%); 
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 Non-linearities at the dam / foundation interface (10-15%). 

The consideration of non-linearity at the dam / foundation interface does not significantly 

change the overall dynamic response of the dam. However, such approach permits to assess 

the possible sliding if the linear methods show that sliding may occur. Finally, the calculated 

sliding values are rather low. Their consequences with regards to the post-earthquake safety 

of the dam need to be assessed, for example in terms of pore-pressure change or increase of 

leakages [1]. 

Each calculation approach needs to be calibrated and validated by means of back-analyses of 

existing dams. The advanced dynamic interaction proposed for the reference model in this 

theme was the purpose of such process owing to a 3-year collaboration between JCOLD and 

CFBR [3]. 

In the case of the Janneh dam, the calculations show that a crack opening from the vertical 

downstream face of the dam is not expected and that its overall dynamic behavior is 

satisfactory. 

 

Finally, the supplementary questions raised by the participants are the following: 

 The vertical construction joints may subsequently open and close during the 

earthquake. What are its consequences with regards to the dynamic response of the 

dam? 

 The choice of the location of outcrop signal is arbitrary. Contrarily to the initial 

instructions, it can also be at the top of the valley. What would be its consequences 

with regards to the dynamic response of the dam? 

 

The formulators had carried out extra-analyses aiming at providing with preliminary answers 

to the raised questions. The results are summarized in the following chapter.  

10 Extra-analyses 

10.1 Influence of the vertical construction joints 

The final layout of the Janneh dam comprises five vertical construction joints equipped with 

shear keys. 

 
Figure 45: Downstream view of the model with vertical joints 
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In order to assess the influence of these vertical joints on the dynamic behavior of the dam, a 

supplementary model is carried out. The mentioned model is based on the same hypotheses as 

model 8 except the vertical joints are modeled. In the model, the geometric features of the 

shear keys are not taken into account but their effect is numerically considered: 

 The joints behave with a no-tension law; 

 The shear stresses are transmitted across the joints even if the joints are opened. 

The envelope of tensile principal stresses and the corresponding directions are calculated and 

stored along the history of the simulated earthquake. The behavior of the dam with and 

without vertical joints is compared in the following figure. 

 
Figure 46: Envelope of tensile principal stresses (MPa) and the corresponding directions 

Left: monolithic dam; Right: dam with vertical joints 

Top: upstream face; Bottom: downstream face 

 

Fothe case of the Janneh dam, the effect of the vertical joints is noticeable only on the upper 

half of the dam. 

On the upstream face, the consideration of the vertical joints decreases the horizontal tensile 

stresses near the crest. The maximum value of about 2MPa with the monolithic dam drops to 

about 1MPa when the vertical joints are modeled. There is also a clear difference of behavior: 

the continuous bank-to-bank horizontal hoop noticed with the first model disappears with the 

second model. 

On the downstream face, there is no clear change in the directions of the maximum tensile 

stresses (almost parallel to the downstream slope). However, their intensity increases when 

the vertical joints are modeled (+30%). More specifically, the maximum tensile stresses are 

calculated on the inclined part and not on the vertically truncated lower part.  

Possibly, the lack of tensile arch (hoop) restraint on the upper part generates an amplified 

tilting of the crest of the dam toward the upstream direction. 

On the other side and based on preliminary analysis, the response spectrum of the 

accelerations calculated at the crest of the dam appears to be lower than for model 8. This 
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may be due to a supplementary dissipation of energy brought by the opening of the vertical 

joints. 

10.2 Outcrop signal location at the top of the valley 

Two participants (P7 and P8) suggested that the outcrop signal might also be located at the 

top of the valley (figure 15) whereas the initial instruction considered the bottom of the valley 

(figure 14). They also provided with the corresponding results (two models: linear and non-

linear dam / foundation interface for P8). This is actually a possible alternative as the seismic 

hazard studies usually do not specify the precise location of the outcrop signal. 

For models with a massless foundation, the location of the outcrop signal is not an issue. 

Actually the outer boundaries moves in a rigid block fashion. This is not the case when the 

density of the foundation is considered and consequently, the equation of waves is fully 

solved in the bedrock. In this case, the topography effect may be significant for dams in 

narrow valley. 

Such approach supposes that the acceleration history sets intended for model 5 and model 6 

are used without modification (without deconvolution) for model 7 and model 8. 

The following figure gives the response spectra of the calculated accelerations at the crest of 

B0. 

 
Figure 46: Response spectra of acceleration at the crest of B0 (m/s²) 

 

The numerical features of the compared models are very different: 

 Implicit integration scheme for P7 and P8 whereas explicit for the reference model; 

 Potential-base fluid elements for P7, Westergaard’s added masses for P8 and mixed 

discretization scheme elements for the reference model; 

 Pre-processed free-field motion for P7, reflective lateral boundaries for P8 and 

coupled finite domain / free-field motion calculation for the reference model; 

 Model 8 hypotheses (non-linear dam / foundation interface) are used for the reference 

model. 

Therefore, the calculated Eigen modes of the system are rather spread out. More specifically, 

a very low period Eigen mode (1.3Hz) is highlighted by P8. However, this probably 

corresponds to the horizontal reflection of waves in the bedrock due to the reflective lateral 

boundary conditions and may not be realistic. 

Still, the magnitude of the spectral accelerations shows the same trend for the four models: 

they are globally divided by two compared to model 7 and divided by three compared to 

model 5.  

The following figure gives the envelope of the tensile principal stresses with the 

corresponding directions for the reference model. 
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Figure 47: Envelope of tensile principal stresses (MPa) and the corresponding directions 

Outcrop signal at the top of the valley 

 

When the location of the outcrop signal is supposed to be at the top of the valley, the 

maximum calculated tensile stresses is about 1.5MPa on the downstream face of the dam. 

Such value is lower than the dynamic tensile strength of RCC. 

A preliminary analysis of the results shows that the calculated post-earthquake sliding value at 

the dam / foundation interface of B0 is very low too: less than 1mm. 

For the actual seismic design of the dam, the chosen location of the outcrop signal is an 

intermediate hypothesis between the top and the bottom of the valley. 

 

11 Conclusions 

The theme B of the 14
th

 International Benchmark on Numerical Analysis of dams permitted to 

carry out a comprehensive analysis of the static and dynamic behavior of an arch-gravity dam. 

The number of participants is high despite the large quantity of work to be carried out. This 

shows that the proposed topic is of interest to the dam stakeholders. 

The increasing number of arch-gravity dams being built lately is probably one of the main 

reasons of this interest. 

The proposed topic focuses on one specific arch-gravity dam under construction and 

addresses the analyses by means of a progressive approach. 

For the studied case, the results of the static analyses show that both linear and non-linear 

approaches permit to depict the mechanical behavior of the dam. Contrarily to the case of thin 

arch dams, the consideration of uplift is necessary to assess with an increased accuracy its 

stability. Finally, the use of a non-linear dam / foundation interface permits to check that if 

any crack is to open under normal operating conditions, the safety of dam is not at stake. 

In the case of the Janneh dam, the design of the excavation was the result of an iterative 

process (numerical and geometrical) used to ensure the crack opening is stable and safe under 

normal operating conditions. The adapted design of the drainage galleries and the grout 

curtain permits to better manage the long-term pore pressure distributions and to avoid high 

leakage discharge which may raise questions. 

For the dynamic analyses, even the pseudo-static approach permits to assess some valuable 

preliminary parameters provided that spectral acceleration is used with the most significant 

Eigen mode. 
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When time history analysis is involved, the magnitude of the dynamic response of the dam 

may significantly vary (by a factor up to 3 or higher) depending on the assumed hypotheses. It 

is evident that the advanced dam / reservoir and dam / foundation dynamic interactions shall 

not be neglected. They may avoid unnecessary strengthening works on existing dams but also 

allows optimized new projects. Still, simplified approaches permit to assess some basic 

dynamic parameters (periods of Eigen modes) and appear to be necessary in order to validate 

the results of the more advanced approaches. 

A non-linear analysis at the dam / foundation interface permits to assess the possible post-

earthquake sliding magnitude even if such approach is believed to be a very simplified 

version of the reality. 

On the other side, the vertical joints shall be considered when the calculated stresses with a 

monolithic dam almost reach or exceed the strength of the concrete. 

In the case of the Janneh dam, the optimized seismic design benefited from an up-to-date but 

still prudent numerical approach. Cracking is not expected in the concrete mass. Moreover, 

the drainage system is designed to avoid any pressurization due to the expected post-seismic 

increase of leakage discharge. 

Generally, the discrepancy of the results increases with the complexity of the numerical 

approach. Every numerical approach needs consequently to be calibrated by means of 

available data in order to get an increased confidence in their application to general cases. 

More specifically, the advanced dynamic interactions used in the reference model of theme B 

were validated by means of a 3-year collaboration between JCOLD and CFBR. 

Finally, as most of the recently built arch-gravity dams are made of RCC, the dissipation of 

the concrete hydration heat may occur several decades after the first impounding of the dam 

in the absence of post-cooling provisions. Though the formulators believe that this aspect 

does not qualitatively alter the mechanism by which the stability of the dam is guaranteed, its 

effect shall be assessed by means of a thorough thermo-mechanical analysis. 

Such analysis had been applied to the Janneh dam. The numerical model will be continuously 

calibrated along with the availability of data from several in-situ tests and from the 

monitoring equipment of the dam. 
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ABSTRACT: The Janneh dam is a 162-meter high Roller Compacted Concrete arch-gravity dam 
under construction in the Nahr Ibrahim Valley of Lebanon. The impounded reservoir will 
supply water, irrigate agricultural areas and generate hydropower [1].  The dam will serve the 
Northern areas of Greater Beirut Mount Lebanon [2]. The project site is located in high- 
seismicity region. The Peak Ground Accelerations are 0.37g and 0.51g respectively for OBE 
and SEE. Under favorable conditions (shape of the valley, strength of the bedrock, availability 
of construction materials), the construction of an arch-gravity dam is a more and more 
interesting alternative. The construction stages are simulated in ABAQUS environment in 
order to perform both linear and non-linear analyses.  

1 Introduction 
The reservoir, with a catchment area of some 242 km2, extends for 3.2 km upstream from the 
dam and is expected to contain 37 Mm3 of water [2]. The resulting arch-gravity dam behaves 
differently from both straight gravity and arch dams. For thick dams, arch effect generates 
openings at the dam/foundation interface [1].   
 

 
 

Figure 1: 3D view of the dam [3] 
 

Current approach for the earthquake resistant design of dams relies on the “performance 
based design” based on the guidelines of the Committee on Seismic Aspects of Dam 
Design of the International Commission on Large Dams (ICOLD, 2010).  

2 Behavior of arch-gravity dams 
The behavior of straight gravity dams on wide valleys is rather well known and several 
international guidelines may be used in order to assist their design: 
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• The dam withstands the water pressure by means of shear strength at the 
dam/foundation interface.  

When the layout of a gravity dam is curved with a small enough radius of curvature, arch 
effect is triggered, even under normal operating conditions. The arch effect transfers a part of 
the water pressure to the abutments of the dam laterally. This leads to the offloading of the 
central blocks and the overloading of the bank blocks. As a consequence: 

• The overloaded bank blocks exhibit an opening at the upstream toe even for a usual 
load case (Normal Water Level); 

• In addition to water pressure, the bank blocks are loaded by the arch effect laterally. 
Therefore, the bedrock excavation requires a specific geometry at this location in order 
to ensure a satisfactory stability against sliding. 

Due to the opening at the upstream toe of the bank blocks, the grout curtain and the drainage 
gallery have to be moved back toward downstream in order to ensure their efficiency under 
static loads. The converging geometry of the excavation prevents from any overall sliding 
toward downstream under the Safety Evaluation Earthquake (SEE). However, the dam and 
most of its appurtenant structures will remain functional after the occurrence of the Operating 
Basis Earthquake (OBE).  

3 Geometry of the dam 
The Janneh dam is an arch-gravity RCC dam. The dam has been designed curved due to 
seismic reasons. The definition of the upstream and the downstream faces of the dam is 
cylindrical (simple curvature). The downstream toe of the dam has been vertically-truncated. 
The 2D section of the central block does not satisfy the stability criteria for straight gravity 
dams generally adopted. The stability of the dam relies consequently on its 3D behavior. 
 

 
figure 2: Plane view of Janneh dam 

 
Parameters Value 

Maximum height above excavation 157m 
Width at the crest 10 m 
Maximum width at the base 66 m approx 
Crest length 300 m approx. 
Radius of curvature of the upstream face 240 m 
Elevation of the crest 847 m 
Elevation of the spillway 839 m 
Downstream slope from 831.2m down to 752.4m 0.8H/1V 

Table 1: Main features of the Janneh dam 

4 Calculation parameters 
The main parameters of the model are summarized in the table below. 
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Material Density 

(kg/m3) 
Static 
deformation 
modulus 
(GPa) 

Dynamic 
deformation 
modulus 
(GPa) 

Poisson’s 
ratio 

c (kPa) ϕ (°) Tensile 
strength 
(MPa) 

Concrete  2400  20  30  0.2  -  -  -  
Bedrock  2800 25  30  0.25  -  -  -  
Water  1000    0.5  -  -  -  
Dam / 
foundation 
interface 

-  -  -  -  0  45  0  

Table 2: Material parameters used for the modeling 

5 Self-weight calculation 
The analysis of self-weight calculation is mandatory for high arch dams made of Roller 
Compacted Concrete (RCC). Moreover, the downstream slope of Janneh dam is steeper than 
that one of a straight gravity dam, which makes it more sensitive to sequential changes of 
structural system during construction. In this study, a time step of 56 days is used to simulate 
each of the 10 approximated layers of construction. The relationship of time dependent strain 
model ε(t) due to the varying load scheme is given by [1]: 

𝜀(𝑡) = 	𝜀)* 𝑡 	+	𝜀, 𝑡  (1) 
 
The elastic strain 𝜀)*(𝑡) is: 

𝜀)*(𝑡) =
𝜎(𝑡)
𝐸,/

 (2) 

 
Where 𝐸,/ = 30	𝐺𝑃𝑎 is given by [3] and 𝜎(𝑡) is the stress history given by the load due to 
the layer construction stages. According to the formulation text, the thermal effects and 
shrinkage are neglected. Under a constant σ6  the creep strain ε6 evolves as follows: 

ε6 𝑡 − 𝑡8 =
σ6
𝐸,/

𝜑(𝑡 − 𝑡8) (14) 

 
Where 𝜑 𝑡 − 𝑡8  is given according to eq. 5.1-71a [4]:  
 

𝜑 𝑡 − 𝑡8 = 𝜑:
𝑡 − 𝑡8

350 + (𝑡 − 𝑡8)

8,=
 

 
For the standard conditions, in the absence of specific creep data for local aggregates and 
conditions, the average value proposed for the ultimate creep coefficient φ?  is 2.35 
according eq. ( A-19) [5]. The principle of superposition is assumed to be valid and the 
numerical viscoelastic model [6] uses a Prony series representation of creep data according to 
[4]. 

6 Static analysis 
The static analysis of this arch dam is carried out for self-weight and hydrostatic pressure of 
the impounded water at NWL at 839m. The downstream water level is considered at the 
bedrock level: 690m. More details are included in results and survey files attached.  
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6.1 Linear analysis 
 
The linear static analysis considers the dam attached to its foundation without uplift 
distribution applied as external forces. The hydrostatic water pressure is considered as a 
surface load applied according to the normal vector of the local boundary system. It is 
relevant the knowledge of the upstream-to-downstream displacement of the upstream face of 
the central block B0 and bank block B5 vs. elevation. The evolution of the upstream-to-
downstream displacement of the upstream face of the central block B0 vs. elevation is given 
in the following figure 3. 
 

Elevation 
(m.a.s.l.) 

Horizontal us-to-ds displacements.  
Upstream face of block B0 (mm) 

 

839,0 17,18 
824,1 15,53 
809,2 13,89 
794,3 12,31 
779,4 10,86 
764,5 9,50 
749,6 8,21 
734,7 6,96 
719,8 5,62 
704,9 4,01 
690,0 1,80 

Figure 3: Horizontal us-to-ds displacement at block B0 
 
The evolution of the upstream-to-downstream displacement of the upstream face of the bank 
block B5 vs. elevation is given in the following figure 4. 
 
Elevation 
 (m.a.s.l.) 

Horizontal us-to-ds displacements. 
Upstream face Block B5 (mm) 

 

847,0 6,52 
837,3 6,16 
827,6 5,78 
817,9 5,31 
808,2 4,80 
798,5 4,26 
788,8 3,68 
779,1 2,95 
769,4 1,97 
759,7 1,79 
750,0 1,62 

Figure 4: Horizontal us-to-ds displacement at block B5 
 

The evolution of the out-of-plane stress (also called hoop or arch stress) of the upstream face 
of the central block B0 vs. elevation is given in following figure 5. 
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Elevation 
(m.a.s.l.) 

Arch stress. Upstream 
face of block B0  
  MPa 

 

839,0 -1,708 
824,1 -1,641 
809,2 -1,599 
794,3 -1,538 
779,4 -1,505 
764,5 -1,473 
749,6 -1,395 
734,7 -1,323 
719,8 -1,170 
704,9 -0,973 
690,0 	 

Figure 5: Arch stress. Upstream face at block B0 
 
Starting by the self-weight model, it is important to evaluate the arch and cantilever stresses in 
the areas shown in figure 6. The resultant shear and normal forces at the dam / bedrock 
interface for the central block B0  and the bank block B5 are given in the following figure 6. 
 
Block Resultant shear force 

MN 
Resultant normal 
force MN 

 

B0 1326,0 3474,0 
B5 2114,0 3444,0 
 	 	
 	 	
 	 	

Figure 6: The resultant shear and normal forces 

6.2 Simplified non-linear analysis 
 

At the dam / foundation interface a node-to-surface contact problem is solved. When the slip 
displacement is smaller than 0.2 mm, an elastic interaction is applied. Otherwise the friction 
force follows the Coulomb’s law. The uplift is applied to the dam as external forces. 
 
Elevation 
(m.a.s.l.) 

Horizontal us-to-ds displacements. 
Upstream face of block B0 (mm) 

 

839,0 30,90 
824,1 27,30 
809,2 23,94 
794,3 20,87 
779,4 18,11 
764,5 15,60 
749,6 13,24 
734,7 11,02 
719,8 8,64 
704,9 5,77 
690,0	 1,90	

Figure 7:  Representation horizontal us-to-ds displacements upstream face of block B0 (mm) 
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Displacements shown in figure 7 are computed using a viscoelastic material model, neglecting 
the aging of concrete and assuming t = ¥. A purely elastic model gives smaller displacements. 
 
Elevation 
(m.a.s.l.) 

Arch stress. Upstream 
face of block B0 

 

839,0 -1,377 
824,1 -1,524 
809,2 -1,649 
794,3 -1,773 
779,4 -1,845 
764,5 -1,928 
749,6 -1,890 
734,7 -1,837 
719,8 -1,698 
704,9 -1,513 
690,0	 		

 
Figure 8: Representation arch stress upstream face at block B0 

 
The resultant shear and normal forces at the dam / bedrock interface for the central block B0  
and the bank block B5 taking into account the uplift pressure are given in the next table 9. 
 

Block Resultant shear force 
MN 

Resultant normal 
force MN 

B0 1510,0 4363,0 
B5 2090,0 3388,0 

 
Table 9: The resultant shear and normal forces taking into account the uplift pressure  

 
Elevation (m.a.s.l.) Horizontal us-to-ds 

displacements. 
Upstream face of 
block B5 (mm) 

 

847,0 8,59 
837,3 8,25 
827,6 7,88 
817,9 7,41 
808,2 6,86 
798,5 6,25 
788,8 5,61 
779,1 4,74 
769,4 3,48 
759,7 2,94 
750,0 2,33 

 
Figure 9: Representation arch stress upstream face of block B5 

 
In this case, it is important to study  the evolution of the opening along a path at the dam / 
foundation interface of the joint between blocks B3 and B5 as shown in the figures 10 and 11: 
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Figure 10: Path of the calculation of the opening at dam/foundation interface 

 
Radius (m) Contact  

opening (mm) 

 

0,0 2,04 
5,0 1,12 
10,0 0,45 
15,0 0,03 
18,0 0,00 
25,0 0,00 
30,0 0,00 
35,0 0,00 
40,0 0,00 
45,0 0,00 
66,0 0,00 

Figure 11: Representation of contact opening (mm) at dam/foundation interface 

7 Seismic analysis 
The earthquake response of an arch dam is influenced by its dynamic interaction with its 
deformable foundation rock and the impounded water [9]. The seismic analyses is carried out 
for the OBE event. The PGA is 0.37g. The water level to be considered is NWL at 839m.   
 

 
 

Figure 12: 1st eigenmode of linear model 
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7.1 Non-Linear pseudo-static analysis based on the site response spectrum acceleration  
 
The calculations are based on a non-linear model conforming to the model described in 
previous section 6.2 whose results are considered as the initial state of the calculations.  
The calculations are carried out considering the following:  

• The seismic inertia load is applied subsequently toward downstream and then toward 
upstream;  

• The hydrodynamic pressure is calculated according to Westergaard’s approach;  
• When the seismic inertia load is applied toward upstream, so is the Westergaard’s 

hydrodynamic pressure. The water static pressure is directed toward downstream;  
• The foundation is considered massless.  

The 1st eigenmode period is 0.39 (s) and its modal mass is equal to 57.8 % of total mass. 
According to the response spectrum given by the formulators, the related pseudo-acceleration 
is 6.65 𝑚 𝑠D. 
 

   
Figure 13: Section B-B Figure 14: Maximum vertical 

stress calculation points  
Figure 15: Maximum arch 
stress calculation point  
 

Block Maximum horizontal us-to-ds displacement at the crest 
Inertia towards downstream (mm) Inertia towards upstream (mm) 

B0	 79,0 -31,0 
B5 33,7 -43,8 

 
Table 13: Maximum horizontal us-to-ds displacement at the crest 

 
Elevation 
m.a.s.l. 

Maximum vertical stress at B0 
Inertia towards downstream (MPa) Inertia towards upstream (MPa) 

737,0	 -0,820 0,820 
713,5 -1,900 1,250 

 
Table 14: Maximum vertical stress at B0 

 
Elevation 
m.a.s.l. 

Maximum arch stress at B0 
Inertia towards downstream (mm) Inertia towards upstream (mm) 

779,0 -5.5  0.6 
 

Table 15: Maximum arch stress at B0 
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7.2 Linear time-history analysis with simplified dynamic interactions  
 
The calculations are based on a linear model: the dam is attached to its foundation. The input 
is a set of accelerograms provided by the formulators. The generalized Westergaard’s added 
masses [7,8] are used to simulate the fluid-structure interaction. The foundation is considered 
massless and the damping parameter is equal to 5% (dam and foundation).  
The added masses are x-directed. The seismic analyses are carried out for the OBE event. The 
model superposition method is based on the first 12 modes shown in table 16. The considered 
modes cumulate, in x-direction, 93% of the total mass. 
 

Mode 1 2 3 4 5 6 7 8 9 10 11 12 
Eigenfrequency 

(cycle/s) 
2.87 4.16 5.30 5.7 6.70 6.91 6.97 7.60 8.53 8.83 9.78 9.93 

Modal mass % 54.0 0.00 4.19 25.7 0.00 0.00 0.01 0.00 0.14 0.84 0.05 8.05 
 

Table 16: Eigenmodes used in the model superposition method 
  

Block Maximum horizontal us-to-ds displacement at the crest 
Inertia towards downstream (mm) 

B0	 42,0 
B5 13,4 

 
Table 17: The maximum upstream-to-downstream displacement at the crest of the central 

block B0 and at that of the bank block B5 
 

Elevation m.a.s.l. Maximum tensile vertical stress at B0 (MPa) 
737,0	 0,90 
713,5 0,75 

 
Table 18: The maximum tensile vertical stress at two locations of the vertically-truncated toe 

of B0 
 

Elevation m.a.s.l. Maximum compressive arch stress at B0 (MPa) 
779,0	 -1,00	

 
Table 19: Maximum compressive arch stress at B0 

 
Elevation m.a.s.l. Maximum tensile arch stress at B0 (MPa) 
839,0	 4,70	

 
Table 20: Maximum tensile arch stress at the crest of B0 

8 Conclusions 
The results presented show a transition between two mechanical regimes: the first one is 
purely elastic, when the dam is attached to its foundation, the second one is characterized by 
contact with friction. 
From a physical point of view the above mentioned transition probably occurs when the 
reservoir is filled up for the first time. 
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From a numerical point of view two independent models are considered starting from the first 
stage of the dam construction. 
When the classical Newton-Raphson method is applied to the second regime a loss of 
convergence sometimes occurs [10] due to a large number of sticking-to-slipping transitions. 
In order to reduce this phenomenon, when the slipping displacement is less 0.2 mm, an elastic 
interaction is considered. 
Further details on the mechanical hypothesis assumed are described in the formulation text [3] 
and in two documents related to our contribution: the survey.xlsx and results.xlsx. 
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ABSTRACT: The ICOLD 14th Benchmark Workshop on the Numerical Analysis of Dams – 
Theme B is associated with the design and construction of Janneh Dam. The benchmark 
problem formulated by the ICOLD Technical Committee [1] requires participants to deliver 
results of the static and seismic analyses of the structure for the given dam geometry, material 
properties, and defined load conditions. 

1 Introduction 

1.1 General 
The Janneh Dam project site is located at Nahr Ibrahim Valley, 40 kilometers northeast of 
Beirut, Lebanon [2]. Construction of the dam started in 2012, and its completion is expected in 
2019 [3]. The dam will impound a reservoir of 38 million cubic meters at Normal Water Level 
(NWL) to provide irrigation water for Beirut and to generate power. 

1.2 Description of the Dam and Project Site 

Dam Layout 
Janneh Dam is a large, 157 meter high, Roller Compacted Concrete (RCC) curved dam. The 
crest length is 300 meters long, resulting in a ratio of dam height to dam width of approximately 
0.5. The canyon shape at the dam location could be described as a narrow V-shape type. 
 
The radius of the dam is 240 meters, the crest is 10 meters wide, and the thickness at the base 
of the dam is approximately 66 meters. According to the Bureau of Reclamation’s designation 

(based on the ratio of the base width to the dam height of 0.42), Janneh Dam would be defined 
as a single center “thick arch dam”. The estimated volume of concrete, based on the provided 
dam geometry, is 1.25 million cubic meters. 
 
An uncontrolled type spillway is located at the center of the dam with the spillway crest at 
elevation 839. The crest of the dam is at elevation 847. The dam plan view and cross section of 
the central block is shown in Figure 1. 

Regional Geology 
The Nahr Ibrahim Valley is made of sound dolomitic limestone, whereas the bedrock is made 
of Jurassic limestone. The abutments and bedrock at the project site are made of sound rocks, 
with an estimated average unconfined compressive strength of 50 MPa [2]. The bedrock is 
covered by 60 meter-thick alluvium material that needs to be excavated during construction for 
supporting the dam on the bedrock [3]. 
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Figure 1: Plan view and cross-section of the central block (B0) for Janneh Dam [1]. 

2 Formulation of the Benchmark Problem 
The Theme B problem, Static and Seismic Analysis of an Arch-Gravity Dam, for the 
14th International Benchmark Workshop on the Numerical Analysis of Dams was formulated 
by ICOLD Technical Committee A [1]. The participants of the benchmark were expected to 
perform static and dynamic analyses of the dam for the given dam geometry, material 
properties, and defined load conditions. 

2.1 Material Properties 
The provided material properties for the analysis are listed in Table 1. 
 

Table 1: Properties of concrete and bedrock foundation [1]. 

Material 
Density 
(kg/m3) 

Static deformation 
modulus 

(GPa) 

Dynamic deformation 
modulus 

(GPa) Poisson’s ratio 
Concrete  2,400 20 30 0.2 
Bedrock  2,800 25 30 0.25 

 
The density of water is assumed to be 1000 kg/m3, and the corresponding sound wave velocity 
in water is 1414 m/s. 

2.2 Loads 
Load conditions were defined by the formulators as follow: 

Selfweight 
The construction of the dam should be simulated by subsequently activating 10 horizontal 
layers of approximately equivalent thickness. At the end of the selfweight analysis stage, 
displacements of the model should be reset to zero. 

Static Loads 
The static analyses should be carried out for NWL at elevation 839. The tail water level is 
considered in the benchmark at the elevation 690, the base dam of the dam. For simplification 
of the benchmark model, the formulators did not adjust the uplift pressure for the 60 meter-
deep excavations in the alluvium nor was the pressure of the backfill included in the analysis. 
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Uplift 
The uplift pressure at the dam-foundation interface was defined by the benchmark formulations 
in the form of piezometric line, with the uplift pressure at the dam heel equal to the hydrostatic 
pressure at the given elevation and equal to zero at the dam toe. The drain efficiency of 
approximately 28 percent changes the uplift pressure distribution with the drain gallery located 
at elevation 736.33 and 10 meters from the upstream face of the dam. At the dam-foundation 
interface located above the piezometric line, the uplift pressure is assumed to be zero. 

Temperature 
Thermal investigations were not been defined in the benchmark study, and temperature 
conditions were not provided by the formulators. 

3 Description of the Analysis Model 

3.1 Finite Element Model 
The finite element (FE) model was built (Figure 2) based on the data provided by the ICOLD 
Technical Committee [1], and the analysis was performed using DIANA 10.1 software [4]. 
 

  
Figure 2: FE model of the dam-foundation system and the mesh of the dam. 

 
The FE model (Figure 2) is comprised of quadratic isoparametric solid tetrahedron, pyramid, 
wedge, and hexahedron elements, with the quadratic displacement and a linear strain 
interpolation for the foundation and the dam body. With three quadratic solid elements through 
the thickness of the dam at the crest, the entire FE model resulted in 60736 elements and a total 
of 524352 degrees of freedom. Vertical contraction joints have not been considered in the FE 
model. 

3.2 Analysis Procedure 

Numerical Integration 
For the linear analyses, the default Regular Newton-Raphson numerical integration method has 
been used. For the non-linear analyses, with the Coulomb friction interface model, the Broyden 
Fletcher Goldfarb and Shanno (BFGS) quasi-Newton (secant) method has been used to improve 
the convergence of the numerical integration. Unlike the Regular Newton-Raphson method, the 
quasi-Newton method does not set up a completely new stiffness matrix at every iteration; thus, 
considerable time is saved for computation of the transient dynamic analysis. 
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Time Integration 
An implicit Newmark time integration method has been used for all transient dynamic analyses. 
The settings values to γ=0.5 and β=0.25 lead to an unconditionally stable, second order accurate 
time integration scheme that doesn’t introduce numerical damping. 

Free-Field Boundary Conditions 
Massless foundations in combination with prescribed base motions defined in the problem 
formulation [1] result in wave reflections at the model boundaries. Lysmer-Kuhlemeyer [5] 
boundary conditions, which require that the mass of the bedrock is taken into account, have 
been used in the analysis to avoid such reflections in the upstream-downstream direction. Since 
the prescribed base motions are defined in the problem formulation at the bottom of the 
foundation, no free-field boundary conditions could be applied in vertical direction (if the 
seismic load would have been applied as force loads at the bottom of the foundation, free-field 
boundary conditions could have been applied in vertical direction). In cross-valley direction 
fixed boundary conditions have been used, because limited wave reflection was expected in this 
direction as the earthquake was applied only in upstream-downstream and vertical direction. 
The damping coefficient for compression waves cp and the damping coefficient for shear wave 
cs for the Lysmer-Kuhlemeyer boundary conditions are based on the dynamic Young’s modulus 

E, the Poisson’s ratio ν, and the density ρ of the bedrock: 
𝑐𝑝 = √𝜌(𝜆 + 2𝐺)  𝑐𝑠 = √𝜌𝐺 (1) 

 
where: 𝐺 =

𝐸

2(1+𝜈)
   and   𝜆 = 𝜈𝐸

(1+𝜈)(1−2𝜈)
 

 
From Equation 1 it can be seen that the Lysmer-Kuhlemeyer boundary conditions require that 
the mass of the bedrock is taken into account in the transient dynamic analyses. For a massless 
foundation, the damping coefficients would have been zero and resulting in full wave reflection.  

Damping 
In the analysis, Rayleigh damping is represented by the mass proportional damping coefficient 
α = 1.0 and the stiffness proportional coefficient β = 0.001. The Rayleigh damping curve as a 
function of frequencies is presented in Figure 3. The resulting damping level is less than 5 
percent in the range between 2 and 14 hertz (Hz) and between 3 and 4 percent in the range 
between 2.5 and 10 Hz to ensure that neither the first eigenfrequencies nor the dominant 
frequencies in the seismic loading signals are heavily damped. 
 

 
Figure 3: Rayleigh damping for frequency up to 30 Hz.  
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4 Analysis Results 

4.1 Natural Frequencies and Mode Shapes 
The first natural frequency of the model, using the concrete properties per Table 1 and the 
Westergaard’s added mass approach [6] to represent reservoir interactions are presented in 
Table 2.  

Table 2: First natural frequencies for various analysis models. 
Material 

Properties 
(Table 1) 

Added 
Mass 

1st Natural 
Frequency (Hz) 

Total Mass for 1st Natural 
Frequency (%)  

Static No 3.19 48.4 
Static Yes 2.42 50.2 

Dynamic No 3.77 51.2 
Dynamic Yes 2.86 52.8 

 
The first four natural frequencies and the corresponding modes for the FE model with the static 
material properties (per Table 1) and the added mass are presented in Figure 3. The effective 
mass percent as a total mass of the system for these first modes is 50.2, 0.0, 0.9 and 26.1 percent, 
respectively. The sum of the effective mass in the upstream-downstream direction for the first 
four modes is approximately 77.2 percent. 

 
 

  
Figure 3: Mode shapes corresponding to the four lowest natural frequencies of the dam-

foundation-reservoir system at 2.42 Hz, 3.41 Hz, 4.33 Hz, and 4.75 Hz determined for the 
cases with static material properties per Table 1 and with the added mass. 

4.2 Static Analysis Results 

General 
In the static analysis, the gravity and hydrostatic load, corresponding to the reservoir level at 
the spillway crest elevation, were considered. In the Linear Analysis Case, the dam structure 
was bounded with the foundation in the model, but in the Non-linear Analysis Case, a contact 
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interface was introduced between the dam and the foundation together with the equivalent uplift 
pressure at the interface. In the non-linear analysis, no tension was allowed at the dam-
foundation interface, and the contact with friction was modeled by a Mohr-Coulomb relation 
with zero cohesion and a friction angle of 45 degrees at the interface [1]. The stiffness values 
of the dam / foundation interface of 1010 N/m3 and 109 N/ m3 were used for linear and non-
linear analyses, respectively. The values were restricted by convergence limitations of the 
integration method used in the analysis. 

Results 
The analysis results showed larger displacements (Figure 4 – left) and a larger compressive 
arch stress (Figure 4 – right) at the upstream face of Block B0 for the non-linear model when 
compared with the linear model. 
 
The resultant shear and normal forces at the interface between central Block B0 and the 
foundation increase by approximately 12 to 14 percent when the non-linear Coulomb friction 
interface model is being used for the contact between the dam and the foundation with the uplift 
pressure applied at the dam base (Table 3). 
 

        
Figure 4: Displacements (positive sign is in downstream direction) and compressive arch 

stresses (negative sign is compression) at the upstream face of the center Block B0. 
 

Table 3: Resultant forces at Block B0 foundation interface and extreme vertical stresses. 

Case 

Resultant 
shear force 

(MN) 

Resultant 
normal force 

(MN) 

Vertical 
stress 

(upstream) 
(MPa) 

Vertical stress 
(downstream) 

(MPa) 
Linear 987.0 3270.0 -1.42 -6.04 

Non-linear 1145.0 3661.0 -2.26 -3.69 
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Results in Table 3 and in Figure 5 show that central Block B0 remains in contact with the 
foundation for the applied reservoir load. Openings are observed at the upstream part of the 
contact surface at the abutments. The maximum gap along the joint between Blocks B3 and B5 
at the upstream dam face was determined to be 2.1 millimeters (mm). 
 

 
Figure 5: Gap at the interface between the dam and the foundation  

(yellow, orange, and red colors indicate gapping). 
 

4.3 Non-linear Pseudo-static Analysis 

General 
The seismically induced hydrodynamic load was determined in the pseudo-static analysis using 
Westergaard’s added mass μ approach [6] and was applied to the non-linear FE model described 
in the section above for static analysis. 
 

𝜇 =
7

8
𝜌𝑓√(𝐻(𝐻 − 𝑍)) 

 
(2) 

where: ρf  is the density of the water, H is the height of the water column, and Z is the distance 
in gravity direction to the bottom of the water column. 
 
The load was determined based on the provided site spectrum of acceleration with a damping 
of 5 percent [1] and was applied for the 1st natural frequency of 2.42 Hz, corresponding to the 
acceleration of 6.0 m/s2, in the upstream and downstream directions. The selected natural 
frequency in the dynamic analysis was based on the static material properties of the dam and 
the foundation material instead of dynamic material properties for which the 1st natural 
frequency of 2.86 Hz, would correspond to acceleration of 6.2 m/s2. 

Results 
Block B0 horizontal displacements in the upstream-downstream directions at the crest elevation 
were in the range of -4.9 to 56.2 mm. This compares with the displacement of 25.3 mm 
determined for the static load at the same location.  The arch compression stress at Block B0 at 
elevation 737.0 was in the range of -4.1 to -0.1 MPa (stress of -1.8 MPa was computed for the 
static load case). The vertical stress at the location was in the range of -0.5 to -0.3 MPa. 

4.4 Time-History Analysis 

General 
A simplified time-history analysis was performed in this study using Westergaard’s added mass 

approach to simulate the dam-reservoir interaction. Mass foundation was considered, and 
Rayleigh damping was assumed as described in the “Analysis Procedure” section above. 
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Similar to the static analysis, linear and non-linear FE models were considered in which the 
non-linearity was related to the contact conditions at the interface between the dam and the 
foundation. 

Results 
The upstream-to-downstream displacements at the crest of Block B0 are listed in Table 4. The 
displacement for the non-linear case is significantly larger when compared with the 
corresponding minimum and maximum displacements of -4.9 and 56.2 mm from the pseudo-
static analysis. 
 

Table 4: Horizontal upstream-to-downstream displacements at the crest of Block B0. 

Case 
Minimum displacement 

(mm) 
Maximum displacement 

(mm) 
Linear -36.7 96.9 

Non-linear -82.1 131.9 
 
Results of the time analysis presented in Table 5 show tension at the downstream face of Block 
0. The maximum computed tensile stress is at approximately the 6 percent level of the 
compressive strength for a typical Roller Compacted Concrete mix. The arch stresses at the 
corresponding locations are listed in Table 6. 
 

Table 5: Vertical stresses at the downstream face of Block B0  
for a given elevation. 

Elevation Case 
Minimum 

(MPa) 
Maximum 

(MPa) 

737.0 Linear -3.4 0.4 
Non-linear -2.3 1.4 

713.5 Linear -5.3 -0.7 
Non-linear -3.2 1.7 

 
 

Table 6: Arch stresses at elevation 779.0 at downstream face 
of Block B0. 

Case 
Minimum arch stress 

(MPa) 
Maximum arch stress 

(MPa) 
Linear -3.5 0.1 

Non-linear -5.5 2.1 
 
Accelerations for the linear and non-linear FE models at the upstream face of Block B0 for 
elevations 839.0 and 764.5 are shown in Figures 6 and Figure 7, respectively. In both cases, 
accelerations at the crest are amplified approximately five times when compared with 
accelerations at elevation 764.5.  
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Figure 6: Acceleration from linear analysis at the upstream face of 

Block B0 at elevations 839.0 and 764.5. 
 

 
Figure 7: Acceleration from the non-linear analysis at the upstream 

face of Block B0 at elevations 839.0 (crest) and 764.5. 
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5 Summary and Conclusions 
The objective of the benchmark was to perform static and seismic analyses of Janneh Dam for 
the defined analysis parameters. In the analyses, various boundary conditions for the dam-
foundation interface were considered. In the linear analysis, the dam structure was bounded 
with the foundation, but for the non-linear analysis, a contact with Coulomb-Mohr type friction 
was considered between the dam and the foundation together with the equivalent uplift pressure 
at the interface.  
 
Although, the formulated case study required a pseudo-static analysis with a massless 
foundation, the presented results for the case in this paper were developed using the mass type 
foundation with Lysmer-Kuhlemeyer boundary conditions. The change in the approach was 
made to reflect the consensus of the session moderated by professor Anil K. Chopra on Linear 
Response History Analysis of Concrete Dams [7] that reads “Expedient analysis assuming rock 

to be massless are unacceptable because they overestimate stresses greatly; overestimation of 
stresses up to a factor of 3 has been reported. Such overly conservative analysis will lead to 
unnecessary expensive designs of new dams and to erroneous conclusions that an existing dams 
require to be upgraded, which is invariably very expensive.” 
 
The analyses results showed that displacements of the central block are larger when a non-linear 
effect (contact with friction) is considered at the dam-foundation interface. Similarly, larger 
arch stresses were obtained at the upstream face of the dam for the non-linear model when 
compared with the results from the linear model. 
 
Larger maximum displacement of the dam central block (over two times) is observed for the 
time analysis when compared with the results from the pseudo-static analysis. 
 
The upstream face of Block B0 remains in compression for the static and pseudo-static analyses, 
but tension is observed when the time analysis is performed. 
 
It can be concluded from the investigation performed for the Janneh Dam case study that proper 
modeling of the boundary conditions at the dam-foundation interface is an important element 
of the analysis. 
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ABSTRACT: The static and seismic FEM modelling of Janneh Dam, a large concrete arch-gravity 

dam under construction in Lebanon, has been proposed as Theme B of the 14
th
 ICOLD Benchmark 

Workshop on the Numerical Analysis of Dams. Different stages of increasing complexity have been 

required for both static and seismic numerical analyses: all the mandatory stages have been performed 

together with two further analyses, aimed to investigate the influence of the non-linear dam-foundation 

interface and the water compressibility on the dynamic response of the dam. The analyses have been 

carried out using the RSE in-house FEM code CANT-SD, specifically designed for dynamic linear 

and non-linear analyses of dam-reservoir systems, gradually improving the numerical model by using 

physic laws able to better represent the actual dam-foundation-reservoir system. The performed set of 

simulations, representative of a progressive analyses approach suggested by many international 

recommendations for the seismic safety assessment of dams, confirms the importance of including 

both non-linear effects and advanced fluid-structure interaction. 

1 Introduction 

The static and seismic analyses of Janneh Dam, an arch-gravity RCC dam under construction 

in a high seismicity region of Lebanon, have been proposed in the Theme B of the 14
th

 

ICOLD Benchmark Workshop on the Numerical Analysis of Dams [1]. The structural 

behaviour of this dam type is supposed to benefit from both the arch effect, avoiding the 

downstream sliding, and the gravity effect, not requiring a high quality bedrock. The study 

has been carried out using the RSE in-house FEM code CANT-SD [2], specifically designed 

for linear and non-linear dynamic (seismic) analyses of dam-reservoir systems. This code is 

currently used at RSE for the safety assessment of concrete dams, and it was adopted to deal 

with some themes proposed in previous ICOLD Benchmark Workshops, including the last 

two regarding the seismic topic [3][4]. Different stages of increasing complexity were 

required for both static and seismic numerical analyses: all the mandatory stages have been 

performed. The non-linear time-history analysis with simplified dynamic interactions has 

been realised as well. Moreover, as the water compressibility has been estimated to have 

influence on the dynamic response of the dam, a non-linear seismic analysis has been carried 

out following the mechanical-acoustic approach to model the fluid-structure interaction. 

2 Geometrical and physical model 

The FEM parabolic mesh of the dam-foundation-reservoir system is reported in Figure 1: as 

the mesh provided by the formulators was not compatible with our code and pre-post 

processing tools, a new mesh has been realised from geometry using about 15000 solid 

elements (parabolic elements for the dam and the near foundation, linear elements for the far 

foundation). A layer of interface elements (about 400) between dam and foundation models 

the contact. The fluid domain has been obtained by extruding the upstream face of the dam 

mesh for a length three times the total height of the dam (157 m at 847 m a.s.l.): the resulting 

mesh was only joined to the upstream dam face, not to the rock. 
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Figure 1: FEM model.  

Dam concrete and foundation rock are assumed to behave linear-elastically; depending on the 

type of analysis (linear or non-linear) dam-concrete interface may behave according a friction 

no-tension elastic-plastic constitutive law: normal contact stress can be either zero, in open 

state, or compressive, in closed state with the constitutive law reproducing the Coulomb 

friction behaviour. The foundation has been assumed massless, according to the common 

approach proposed by Clough [5]. Assuming water is incompressible, fluid-structure 

interaction has been represented using the finite element added hydrodynamic mass model [6] 

[7] [8]. Table 1 summarizes the physical-mechanical parameters assumed in the model. 

Table 1: Material properties. 

Parameter Concrete Rock Interface Water 

Density [kg/m
3
] 2400 0  1000 

Static elastic modulus [MPa] 20000 25000   

Dynamic elastic modulus [MPa] 30000 30000   

Joint stiffness [MPa/m]   200000  

Poisson’s ratio [-] 0.2 0.25   

Sound velocity [m/s]    1414 

Friction angle [°]   45  

Cohesion [kPa]   0  

 

A 5% structural damping ratio was assumed. Damping matrix is expressed as linear 

combination of mass and stiffness matrices according to Rayleigh formulation: the calibration 

of the coefficients was made in a frequency range deduced from modal analysis (1.5÷6 Hz). 

The water compressibility may have great influence on the dynamic response of a dam: the 

stiffer the dam as a structure compared to the reservoir, the greater the importance of water 

B0 
B3 B5 
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compressibility. A simplified parameter often used to predict the significance of water 

compressibility is the ratio of the fundamental frequency of the reservoir to that of the dam 

[9]: the value 2 is assumed as a threshold limit for gravity dams, over that the water 

compressibility can be totally disregarded, and it has often been used as a reference for arch 

dams too [7] [9]. As this parameter results equal to 0.79 for Janneh Dam (based on the result 

of the modal analyses of the reservoir and the dam-foundation system), compressibility 

should probably be important: the additional analysis modelling the dynamic fluid-structure 

interaction following the classic acoustic approach [6] has been therefore carried out. The 

damping effect on the reservoir boundaries, due to the partial absorption of hydrodynamic 

pressure waves, has been considered using a wave reflection coefficient α=0.8 [10]. 

3 Loadings 

The numerical analyses have considered the effects of the following loadings/actions: 

1. self-weight, simulated with ten subsequent layers of approximately equivalent thickness 

(simulating the construction by horizontal layers of an RCC dam); 

2. hydrostatic pressure for Normal Water Level at 839 m a.s.l.; 

3. uplift applied as external forces at dam-foundation interface with the distribution specified 

in [1] (in non-linear simulations); 

4. seismic loading representative of the OBE event, with PGA=0.37 g (in seismic 

simulations). 

The seismic loading was provided in [1] by means of 5 % damping site spectrum of horizontal 

acceleration and of acceleration time histories in the upstream and vertical directions reported 

in Figure 2 (a) and Figure 2 (b) respectively. 

 

  
(a) (b) 

Figure 2: Site response spectrum (a) and acceleration time histories (b). 

In pseudo-static simulations the seismic loading (7.6 m/s
2
) is calculated on site spectrum at 

the period (0.314 s) relevant to the first resonant mode of the system (evaluated with a modal 

analysis of the coupled dam-foundation-reservoir system) and applied as an inertia load both 

towards downstream and upstream. The hydrodynamic pressure has been calculated according 

Zangar formulation [11]. In time-history analyses accelerations have been uniformly applied 

to the bottom and sides of the massless foundation. The transient dynamic coupled problem is 

solved using an implicit direct time integration method (HHT) [12] with an integration step of 

0.005 s in order to well represent frequencies up to 10 Hz. 

4 Results 

Static and seismic numerical analyses of increasing complexity were required in [1]. All the 

mandatory stages have been carried out together with two additional analyses, aimed to 
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investigate the influence of the non-linear dam-foundation interface and the water 

compressibility on the dynamic response of the dam: the performed analyses are summarized 

in Table 2. Also the results of the linear time-history with advanced fluid-structure interaction, 

not included in this paper, have been provided to the formulators. 

Table 2: Summary of analyses 

Type of analysis ID 

Linear Static Lst 

Simplified non-linear static NLst 

Non-linear pseudo-static (inertia load toward downstream) NLpsDS 

Non-linear pseudo-static (inertia load toward upstream) NLpsUS 

Linear time-history with simplified dynamic interactions LthSI 

Non-linear time-history with simplified dynamic interactions NLthSI 

Non-linear time-history with advanced fluid-structure interaction NLthAI 

 

The following sections report and discuss the results of static, pseudo-static and time history 

simulations. 

4.1 Linear and non-linear Static Analyses 

Both linear and non-linear static analyses have been performed by applying sequentially  

self-weight, hydrostatic pressure, and uplift in case of non-linear simulations. The non-linear 

behaviour, only limited at dam-foundation interface, has minor influence on the static 

response of Janneh dam: Figure 3, reporting the tensile stress in linear and non-linear case 

respectively, clearly shows that the only differences of the linear case lay in the higher stress 

at dam-foundation interface, directly due to the monolithic behaviour of the system, and in the 

slightly greater thickness of the downstream tensile zone. 

 

 

Figure 3: Comparison between static analyses: maximum principal stress. 

The evolution of hoop stress and displacement on the upstream face of the dam main section 

(Figure 4) confirms the slight difference in linear and non-linear analyses: the result of the 

reservoir pressure is the activation of the arch effect (compressive hoop stress) for the whole 

dam height and a downstream displacement of about 20 mm at the crest. 

Figure 5 highlights that dam-foundation interface is totally closed in its downstream part, 

presenting minor opening (less than 2 mm) in its upstream part with a different slope. Minor 

slip, up to 4 mm, occurs only in the upstream dam-foundation interface near the abutments. In 

Table 3 the calculated resultant shear (projected in the radial direction) and normal forces at 

downstream dam-foundation interface for the central block B0 and the right bank block B5 

are reported. It’s worth noting that in the linear case uplift has not been accounted. 
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(a) (b) 

Figure 4: Comparison between static analyses: evolution of hoop stress (a) and up-to-

downstream displacement (b) on the upstream face of the central block B0. 

  
(a) (b) 

Figure 5: Non-linear static analysis: opening at dam-foundation interface (a) and its evolution 

along the path of the joint between the blocks B3 and B5 (b). 

Table 3: Resultant forces at dam-foundation interface 

Resultant force [MN] Linear 

analysis 

Non-linear 

analysis 

Shear B0 961 1105 

Normal B0 3650 3515 

Shear B5 1221 1513 

Normal B5 2929 3085 

4.2 Pseudo-static analyses 

The non-linear pseudo-static analyses have been performed, using the load corresponding to 

the first resonant mode of the system (with a modal participation mass of 62%), to 

preliminary assess the structural response to the design earthquake of Janneh Dam; although 

this method may be considered outdated nowadays [13], many international recommendations 

[8][14][15] still suggest its use in a progressive analyses approach, made of subsequent steps 

of increasing complexity. Figure 6 and Figure 7 (a) show the stress state resulting from the 

two analyses with the seismic inertia load and the hydrodynamic pressure towards 

downstream (NLpsDS) and upstream (NLpsUS) respectively: in the NLpsDS case tensile 

stress occurs on the downstream lower face of the dam, while in the NLpsUS case a more 

extended and deeper tensile stress state is detected in the upper part of both dam faces. 

Figure 7 (a) highlights that in this last case hoop tensile stress affects almost the total height 

of the main section on the upstream face, reaching about 2.5 MPa at dam crest. Figure 7 (b) 
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reports the development of radial displacement in the dam main section: due to the seismic 

load, a displacement increment of about 60 mm occurs at the crest. 

 

 

Figure 6: Comparison between pseudo-static analyses: maximum principal stress. 

 
(a) (b) 

Figure 7: Comparison between pseudo-static analyses: evolution of hoop stress (a) and up-to-

downstream displacement (b) on the upstream face of the central block B0. 

Joint opening and slip are shown in Figure 8 and Figure 9 respectively: in NLpsDS case both 

opening and slip involve the upstream part of dam-foundation interface with values up to 

16 mm, whereas in NLpsUS case the downstream part of the interface shows opening up to 

35 mm and slip up to 24 mm, mainly near the abutments. 

 

  
(a) (b) 

Figure 8: Comparison between pseudo-static analyses: opening at dam-foundation interface 

(a) and its evolution along the path of the joint between the blocks B3 and B5 (b). 
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Figure 9: Comparison between pseudo-static analyses: joint slip. 

4.3 Linear and non-linear time-history seismic analyses 

Time-history seismic analyses have been carried out considering both linear and non-linear 

behaviour of dam-foundation interface. Foundation has always been assumed massless; in the 

linear LthSI and non-linear NLthSI cases fluid-structure interaction has been represented 

using the finite element added hydrodynamic mass model (incompressible water) while in the 

NLthAI case the acoustic approach has been adopted to model the interaction between 

structure and compressible water. Figure 10 reports the maximum principal stress envelope in 

the three cases: an extended tensile stress state always occurs both on upstream and 

downstream face of the dam, involving a significant depth in the main section. The seismic 

response in terms of tensile stress state decreases moving from LthSI to NLthSI and to 

NLthAI, i.e. improving the simulation of the system by using physic laws able to better 

represent the actual dam-foundation-reservoir system. In the least severe case, NLthAI, tensile 

stresses greater than 1 MPa involve the upper central half of the upstream face, the highest 

45 m of the main section, and almost the whole downstream face. On the upstream face, 

tensile stress is arch directed, as highlighted in Figure 11 (a), suggesting the convenience of 

modelling the vertical joints to better assess the stress state of the structure. The compressive 

stress state induced by the earthquake, here only documented in Figure 11 (a), results 

compatible with the features of an ordinary concrete for all the three cases: hoop stress in the 

upstream main section varies in the range of about 8÷10 MPa at the crest depending on the 

case. In Figure 11 (b) the development of relative radial displacement envelope in the dam 

main section is shown. In the linear time-history simulation, displacement increases from the 

base to the top up to a value of 50 mm and 90 mm towards upstream and downstream 

respectively. In non-linear cases a similar trend occurs towards upstream, while the modelling 

of the non-linear behaviour of the dam-foundation interface involves, at the base of the dam, a 

downstream displacement of about 50 mm and 20 mm in the NLthSI and NLthAI cases 

respectively; at the crest the downstream displacement lays in the range of about 70÷90 mm. 

The downstream displacement at dam base in non-linear cases is further upheld by joint 

movements, opening envelope in Figure 12 and particularly slip envelope in Figure 13. Dam-

foundation interface exhibits a widespread opening state, more pronounced in the near of both 

dam faces: the greatest openings occur in the upstream part of the interface, with values of 

about 25 mm in the NLthSI case and 15 mm in the NLthAI. Significant slip also occurs: it 

assumes greater values in the lower central part of the dam-foundation interface, where 

reaches almost 50 mm in the NLthSI case and almost 20 mm in the NLthAI, resulting 

therefore coherent with the displacements observed at the base of the dam. The comparison of 

the response (upstream) acceleration spectra (5% damping) at the crest of central block B0 

and at the crest of right side block B5 is reported in Figure 14: with respect to the seismic 

input, at the top centre of the dam the acceleration results amplified of about 10÷12 times. 

The periods of the resonant peaks become slightly longer in the two non-linear cases with 
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respect to the linear one. The spectra of non-linear cases show that the use of an advanced 

model for fluid-structure interaction leads to a less demanding seismic response of the dam. 

 

 

Figure 10: Comparison between time-history seismic analyses: maximum principal stress. 

 

(a) (b) 

Figure 11: Comparison between time-history analyses: evolution of hoop stress (a) and up-to-

downstream relative displacement (b) on the upstream face of the central block B0. 

  
(a) (b) 

Figure 12: Comparison between time-history seismic analyses: opening at dam-foundation 

interface (a) and its evolution along the path of the joint between the blocks B3 and B5 (b). 
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Figure 13: Comparison between time-history seismic analyses: joint slip. 

 
(a) (b) 

Figure 14: Comparison between time-history analyses: acceleration response spectra at the 

crest of the central block B0 (a) and at the crest of the block B5 (b). 

5 Conclusions 

Theme B of the 14
th

 ICOLD Benchmark Workshop on Numerical Analysis of Dams, dealing 

with the static and seismic FEM modelling of Janneh Dam, has been approached by using 

CANT-SD, a RSE in-house FEM code for dynamic linear and non-linear analyses of dam-

reservoir systems. All the mandatory stages of the theme have been performed together with 

the non-linear time-history analysis with simplified dynamic interactions. A further analysis 

with advanced fluid-structure interaction has been carried out, since the fundamental 

frequency of the empty dam results higher than that of the reservoir and therefore water 

compressibility may have significant influence on the dynamic response of the dam. In both 

linear and non-linear static analyses, under the action of dead weight and hydrostatic pressure, 

a downstream displacement at the crest of about 20 mm and the activation of the arch effect 

have been observed. The non-linear behaviour, only limited at dam-foundation interface, has 

minor influence on the static response of Janneh dam as the main difference lays in the higher 

stress at dam-foundation interface due to the monolithic behaviour of the system. The non-

linear pseudo-static analyses allows a preliminary seismic safety assessment of the dam: the 

comparison with the subsequent time-history analyses shows that this simplified analysis can 

provide useful hints about the dynamic response of the dam, provided that the inertia load is 

correctly applied in both upstream and downstream directions and that the participating mass 

of the first resonant mode of the system (used to calculate the seismic action) is significant 

enough. The results of time-history seismic analyses highlight how each stage of increasing 

complexity softens the seismic response of the dam (i.e. leads to lower stresses, displacements 

and accelerations). Particularly, the use of the coupled mechanical-acoustic approach to model 

fluid-structure interaction, allowing to account for both water compressibility and damping 
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effects at reservoir boundaries, provides the least demanding seismic response, among the 

calculated ones. In all the performed cases, important tensile hoop stresses occur in the upper 

part of the dam: as in the design of the dam vertical joints are considered, their modelling 

could provide a more realistic evaluation of the structural seismic behaviour. 
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ABSTRACT: This paper summarizes the main results of the seismic analysis of the dam of Janneh in
Lebanon, for the theme B of the 14th ICOLD Benchmark. It enables to compare different methods of

seismic model, here performed with Code_aster. Static and seismic analysis are performed using linear
and non-linear meshes. Seismic simulation are performed using pseudo static method, or time-history

methods with simplified or complex interactions, thanks to a provided set of accelerogram.

1 Introduction
The purpose of the Theme B of the 14th ICOLD Benchmark Workshop on Numerical Analysis
of Dams is to compare different methods of static and seismic calculation on the dam of Janneh.
This paper describes the analyses performed by EDF to answer this benchmark using
Code_Aster [1], an open source FEM software developed by EDF.

2 Mesh of the dam-foundation and properties assumptions
The next simulations have been realised on the provided meshes (Figure 1), using quadratic
elements.  The size of elements in the dam is not bigger than 10m, while the elements in the
foundation can reach a length of 100m.
For non-linear analysis, joint elements are introduced between the dam and the foundation.

Figure 1: Mesh of the dam, with five groups of mesh representing the layers
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In all the analyses, concrete and foundation follow a linear elastic constitutive law with the
following material properties:

Table 1: Resultant forces calculated with Code_Aster. [2]

Material
Density

Static
deformation

modulus

Dynamic
deformation

modulus

Poisson’s
ratio

p-wave
velocity

c Tensile
strength

( / ) ( ) ( ) ( / )  ( ) (°) ( )

Concrete 2400 20 30 0.2

Bedrock 2800 25 30 0.25

Water 0.5 1414

Dam / foundation
interface

0 45 0

3 Assumptions of the different type of analyses
This chapter describes the assumptions of the several analyses performed using linear and non-
linear analyses. Comparison of the results of all the analyses are summarized in §4.

3.1 Selfweight Calculation
The Selfweight load is performed in order to take into account the mode of construction of the
dam in horizontal layers. Five layers are step by step introduced in the model (Figure 1): at each
step, displacements are reset to zero and the stress state of the foundation and the previous
layers serve as initial conditions for the next step.

3.2 Linear analyses

Static analysis at normal water level
The first analysis consists in adding the effect of hydrostatic pressure due to the dam reservoir
on the upstream face of the dam at Normal Water Level (NWL) = 839 m.

Modal analysis
A modal analysis of the structure is performed, and provide the following deformations of the
dam (Figure 2) and modes (Table 2):

Figure 2: Deformed structure for the three first modes with a factor scale of 106

Table 2: Results of the modal analysis for the first modes
Mode MX MY MZ Frequency

(%) (%) (%) Hz
1 54,75 0,00 1,33 2,91
2 0,00 7,36 0,00 4,13
3 2,19 0,00 0,05 5,26
4 26,70 0,01 6,82 5,65
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5 0,17 0,17 79,33 6,62
6 0,00 1,13 0,21 6,70
7 0,00 77,65 0,22 6,88

Linear time-history analysis with simplified dynamic interactions
A dynamic time-history analysis is conducted, using a set of two accelerograms as input in the
upstream-to-downstream and vertical direction (Figure 3). No accelerations are provided in the
3rd direction. The fluid/structure interaction is also taken into account with the Westergaard
approach. Problem is solved using 5% Rayleigh damping 5% for the dam only with α=0.00106
and β=1.50796 to match 5% damping at 3 and 12 Hz (and roughly 5% between these values).

Figure 3: Inputs accelerograms. At the left:  in upstream-to-downstream direction. At the
right: in vertical direction

Linear time-history analysis with improved soil-structure interaction

In order to improve the soil-structure interaction method by taking into account absorption of
the wave in the boundaries of the foundation, a viscous spring boundary model is implemented
as proposed in [3] and [4],  and briefly summarized in Figure 4.  It  is  employed to absorb the
wave energy radiating away from the dam and the foundation. A test case studying the reflection
and absorption of a vertically propagating seismic shock in a rectangular foundation validated
the viscous spring boundaries in Code-Aster. The description of the VSB and fluid-structure
interaction model is limited to this paragraph so as to allow the presentation of the results on
Janeh dam throughout the rest of this paper.

Figure 4 – Viscous spring boundary model

In a second step, advanced fluid-structure interaction, taking into account the compressibility
of the water is considered using Fluid element in a similar way as it is described in [5].
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Benchmark outcrop signal
Usual outcrop signal

Refined mesh of the dam and its foundation is provided in order to perform such analysis
(Figure 5). Linear elements are used in this case. The considered material damping is 5% for
the dam only introduce as an equivalent Rayleigh damping with α=0.00106 and β=1.50796 to
match the 5% damping at 3 and 12 Hz (and roughly 5% between these values).

With the proposed soil-structure interaction method, the free-field rock time histories is
introduced as compression and shear waves travelling vertically from the bottom to the top of
the foundation. In order to match the input accelerations provided (Figure 3) at the outcrop
(proposed at the bottom of the valley for the benchmark), a simplified deconvolution process is
performed prior to applying the time history to the base of the model without considering the
cross terms:

· Finite element analysis is first performed with the initial input (i.e. accelerations
provided) introduced at the bottom of the foundation without the dam;

· Ratio between the Fast Fourier Transform (FFT) of the computed and recorded
accelerations in the 2 directions at the bottom of the valley:

	( ) =	 ( ( ))
( ( ))

	 ℎ	 = ,

· This ratio is then applied on the acceleration provided to define the new input to be
used for the analyses:

( ) = ( ( )

	( )
) ℎ	 = ,

The formulators proposed to set the signal at the bottom of the valley. But usually the input is
set at the top of the valley (Figure 5). This choice will be evaluated.

Figure 5 mesh for the advanced soil-structure interaction

3.3 Non-linear analysis
In this part, joint elements are introduced between the dam and the foundation to simulate the
potential opening of the interface, also taking into account the effect of the uplift and its
propagation in the open interface (Figure 6).
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The mechanical behaviour follows a constitutive law of Mohr-Coulomb with a friction angle of
45° and without any cohesion nor tensile strength as proposed by the formulators.
In Code_Aster, joint-element can handle the coupling between hydraulic and mechanic. The
pore pressures in the joint-element is a variable of the model i.e. the calculations are carried out
under effective stress state (only at the dam-foundation interface).  Uplift boundaries conditions
are chosen in regards with the assumption proposed by the formulators:

· On the upstream face, the piezometric level ℎ ,  is the upstream water level
· On the downstream face, the piezometric level ℎ ,  is steady at the elevation of the

bedrock (no uplift).
· The effect of the drainage system is taken into account by setting, at 10 m of the

upstream face, the piezometric level ℎ ,  at an elevation of 736.33 m. In
Code_aster, uplift boundaries conditions have to be defined on nodes. As the mesh
doesn’t provide nodes at this specific locations, closest nodes are selected (red on Figure
6).

Figure 6 top view of the dam-foundation interface with uplift boundaries conditions

Self-weight load is computed as for the linear analysis, taking into account horizontal layers.
The convergence of the calculus for the last layer were difficult to obtain because of the
verticality of the joint which implied an important sliding. The displacements are then
calculated in two steps, with an increasing acceleration of gravity.

Hydrostatic load is progressively applied on the upstream face of the dam in height steps in
order to improve the convergence of the non-linear computation.

Non-linear static analysis without propagation of the uplift
First,  as  requested  by  the  formulators,  an  analysis  without  propagation  of  the  uplift  is
performed. Uplift is set as previously described and does not change with the opening of the
dam-foundation interface.

Non-linear static analysis with propagation of the uplift

Then, propagation of the uplift with the opening of the dam-foundation interface is considered.
In Code_Aster, the propagation of the uplift pressure is modeled according to the Poiseuille law
(or cubic law), considering that the flow (w) increases with the cube of the crack opening:

⃗ = 12 ∇ ⃗

In order to consider a flow even for a closed joint, it is necessary to take into account a minimum
opening under which one the flow is steady. The following equation is then used in Code_Aster.

B0 B5
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⃗ = 12 max	( , + ) ∇ ⃗

Comparisons with uplift measurements on arch dams with opening of the dam-foundation
interface show that a minimum opening value of 1mm provides good results. To summarize:
propagation of the uplift is considered if the opening of the dam-foundation interface is higher
than 1mm.

Non-linear pseudo-static analysis
In this model, the initial state of the dam corresponded to the non-linear static analyses,
presented in 3.3. A horizontal acceleration corresponding to the spectral acceleration at the first
mode is applied on the upstream face of the dam toward downstream or upstream. Westergaard
masses are added on the upstream face of the dam, in order to simulate the fluid structure
interaction. The values of the uplift evaluated previously in the static analysis without
propagation of the uplift is taken into account. The uplift is considered steady during the seismic
calculation.

The modal analysis (§3.2) provided a period of 0.343 for the first mode. The spectral
acceleration  for this mode is found at 7.19 m/s² on the site spectrum of accelerations
provided by the formulator (Figure 7). This acceleration is applied toward downstream and
toward upstream.

Figure 7: Site spectrum of acceleration

Non-linear time-history analysis with simplified dynamic interaction
A dynamic time-history analysis is conducted, using a set of two accelerograms as input in the
upstream-to-downstream and vertical direction (Figure 3). For this analysis, in order to speed
up the computation time, no uplift is taken into account in the model.

Non-linear time-history analysis with advanced dynamic interaction
This analysis is similar to the previous one but the advanced dynamic interaction, previously
described, are taken into account.

4 Results
Fel! Hittar inte referenskälla. and Table 3 results with the linear analyses

Horizontal
displacements

at the crest

Vertical
stress in B0

Arch
stres
s in
B0

Safety shear
factor (without

uplift)

Safety shear
factor (with

uplift)*

B0 B5 737.0 713.5 779.0 B0 B5 B0 B5
(mm) (mm) (MPa) (MPa) (MPa)
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Static 20.6 7.4 -0.85 -1.8 -1.6 3.53 1.86 2.83 1.59
Time history with

simplified
approach

100.0 36.3 1.7 0.8 -5.75 0.44
(**)

0.06
(**)

0.12
(**)

0
(**)

Time history with
advanced Soil-

structure (outcrop
bottom valley)

90.5 36.1 1.6 1.1 -5.4 0.55
(**)

0.30
(**)

0.32
(**)

0.22
(**)

Time history with
advanced Soil-
Fluid-structure
(outcrop bottom

valley)

61 28.7 0.78 0.03 -3.35 0.73
(**)

0.98
(**)

0.42
(**)

0.86
(**)

Time history with
advanced Soil-
Fluid-structure

(outcrop top
valley)

50.2 21.8 0.41 -0.47 -3.09 1.18
(**)

1.10
(**)

0.82
(**)

1.01
(**)

(*) : uplift computed with the non-linear model, whitout taking into account any propagation
(**) : minimum value of the shear factor during the earthquake

Table 4 summarized the main results of the analyses with linear and non-linear model.
Displacements, vertical and arch stresses are easily evaluated from the analyses. Safety shear
factors for 2 cantilevers B0 and B5 (Figure 6) are computed. For the central cantilever B0, the
safety factor is computed for a horizontal section. For B5, local axis is chosen as described in
Figure 8.

Figure 8 local axe for B5 safety factor

Looking at the results, the following statements can be made:
- For static analyses, displacement and stresses are roughly the same for linear or non-linear

models. Safety shear factors remain similar for the central cantilever but non-linear model
gives a slightly better factor for the block 5 : opening of the dam-foundation interface
probably increases normal forces on this side block

- For dynamic time-history analyses, advanced interaction method clearly lead to a lower
response of the dam. But in the case of Janneh, analyses show that it might be mainly due
to the fluid-structure interaction, and not so much because of the soil-structure interaction.
That might be due to the high rock modulus that limits radial damping effect.

- Non-linear time-history analysis with simplified interactions gives quite similar results to
linear analysis but provide interesting sliding value at the dam-foundation interface.

- The position of the outcrop signal strongly influence the results: when the outcrop is
considered at the top to the valley, response of the dam is lower.
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Table 3 results with the linear analyses
Horizontal

displacements
at the crest

Vertical
stress in B0

Arch
stres
s in
B0

Safety shear
factor (without

uplift)

Safety shear
factor (with

uplift)*

B0 B5 737.0 713.5 779.0 B0 B5 B0 B5
(mm) (mm) (MPa) (MPa) (MPa)

Static 20.6 7.4 -0.85 -1.8 -1.6 3.53 1.86 2.83 1.59
Time history with

simplified
approach

100.0 36.3 1.7 0.8 -5.75 0.44
(**)

0.06
(**)

0.12
(**)

0
(**)

Time history with
advanced Soil-

structure (outcrop
bottom valley)

90.5 36.1 1.6 1.1 -5.4 0.55
(**)

0.30
(**)

0.32
(**)

0.22
(**)

Time history with
advanced Soil-
Fluid-structure
(outcrop bottom

valley)

61 28.7 0.78 0.03 -3.35 0.73
(**)

0.98
(**)

0.42
(**)

0.86
(**)

Time history with
advanced Soil-
Fluid-structure

(outcrop top
valley)

50.2 21.8 0.41 -0.47 -3.09 1.18
(**)

1.10
(**)

0.82
(**)

1.01
(**)

(*) : uplift computed with the non-linear model, whitout taking into account any propagation
(**) : minimum value of the shear factor during the earthquake

Table 4 results with the non-linear analyses
Horizontal

displacements
at the crest

Vertical
stress in B0

Arch
stres
s in
B0

Safety shear
factor

(with uplift)

Upstrea
m

normal
opening
interface

B0 B5 737.0 713.5 779.0 B0 B5 B3-B5
(mm) (mm) (MPa) (MPa) (MPa) (mm)

Static with uplift
no-propagation 21.0 7.0 -0.81 -1.78 -1.78 2.9 1.96 2.6

Static with uplift
and propagation 21.3 7.2 -0.81 -1.79 -1.81 2.7 1.89 2.88

Pseudo-static
toward

Downstream
74.6 34.7 -0.9 -1.8 -5.9 1.13 1.33 15.8

Pseudo-static
toward Upstream -50.3 -49.1 0.96 0.98 1.5 - - close

Time history with
simplified
approach

84 44.6 2.3 1.7 -6 (*) (*) 18.6

Time history with
advanced
approach

50.6 25.4 0.6 0.1 -3.01 (*) (*) 9.26

(*) : not computed

Response spectrum
From accelerations calculated by time-history analyses at the crest of the central cantilever,
response spectrum are plotted (Figure 9) and show:
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- Simplified dynamic analyses shows not only a peak at the first frequency (around 3Hz) but
also high content between 5 and 10 Hz.

- Advanced soil-structure interaction show a similar peak at the first frequency but lower
frequency content at higher frequencies.

- Advanced fluid-structure interaction (and compressibility of the water)  strongly reduces
the response of the first mode

- Non-linear analysis with simplified interaction reduces the frequency of the first mode but
the content is quite similar to the simplified linear analysis.

Figure 9: Response Spectra at the crest of the central cantilever

Static non-linear results at the dam-foundation interface
Figure 10 shows several values at the dam-foundation interface under the static load: tangential
plastic displacement, normal opening ant uplift. Even only under static load, the dam
experiences opening and sliding at the upstream toe, near the abutment due to the shape of the
excavation.
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Figure 10 plastic displacement, normal opening and uplift at the dam-foundation interface
under static load (normal water level)

Dynamic non-linear results at the dam-foundation interface
 In addition to the results provided in Table 4, time-history of the opening and us-ds
displacements are provided at the upstream and downstream toe of the central and n°5
cantilevers. Maximums values are summarized in Table 5. With the simplified interaction
analysis, the whole dam is sliding on its base, about 26mm at the end of the 15s earthquake;
this value is strongly reduced with the advanced interaction: 0.7mm
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Figure 11 non-linear sliding displacements at the us and ds toe of the central and n°5
cantilevers

Table 5 maximum opening and final downstream sliding for the time-history non-linear
analysis
Upstream

B0
Downstream

B0
Upstream

B5
Downstream

B5
Simplified soil-
fluid structure

interaction

Maximum normal
opening (mm) 7.9 6.5 18.6 11.5

Final downstream
displacement (mm) 26.4 25.9 11.5 13.0

advanced soil-
fluid structure

interaction

Maximum normal
opening (mm) 2.3 - 9.26 2.78

Final downstream
displacement (mm) 8.06 0.74 9.8 5.4

5 Conclusion
To answer the benchmark on Janneh dam, several type of analyses are performed and compared
in this paper. Dynamic linear analyses show that advanced fluid-structure approach are able to
lower the response of the dam to earthquake input.  Such approaches have been proven to better
fit records on dams, particularly in Japan [6].
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ABSTRACT: The static and seismic analysis of Janneh arch-gravity dam (157 m) is carried out by 

considering a combination of self-weight, hydrostatic, uplift and seismic loads. Linear and nonlinear 

analyses are performed for both static and seismic cases. Nonlinear behavior is studied by means of 

joint elements in the contact between the rock foundation and the dam following a bilinear cohesive 

law. The hydrodynamic effects derived to seismic loads are also considered. Hydrodynamic 

Westergaard’s approach is applied in the pseudo-static analysis, and the Westergaard’s generalized 

added mass is used for time-history case.  

 

1 Introduction 

Earthquakes are considered one of the main causes that activate mechanisms leading to dam 

failure (e.g Fujinuma Dam, which failed because of Tōhoku earthquake on March of 2011) or 

damage. 

 

Thereby, in the context of the theme B of the 14th ICOLD Benchmark Workshop on Numerical 

Analysis of Dams [1], the present work has the object of verifying the Janneh arch-gravity dam 

under a static and seismic load scenarios. Before performing both analyses, a simulation of the 

constructive phase is carried out with the aim of obtaining the residual stresses at this early 

stage. The nonlinear analysis is performed using joint elements allowing the joint opening in 

the contact area between dam body and foundation. The uplift pressure is also considered when 

nonlinear analysis is performed since the thickness of the dam is relatively high. Seismic 

analysis is performed through a dynamic analysis using a Newmark time integration scheme 

[2] and a viscous damping of 5%, and also a massless foundation [3]. Hydrodynamic effects 

are considered using the Westergaard’s approach in the pseudo-static analysis and the 

Westergaard’s generalized mass [4] for time-history analysis. 

 

An open source C++ FEM framework called Kratos Multiphysics [5] is used for solving the 

proposed problem. The pre and processing simulations are performed with GiD [6], which has 

been previously employed in the design [7] and analysis [8] of arch dams. The paper is 

organized as follows. First, the essential theory and formulation is introduced, including the 

activation process, interface elements used, time integration scheme and the formulation of 

hydrodynamic effects, and then the numerical model is described along with the most 

representative results. 
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2 Formulation 

2.1 Activation process 

The methodology for solving the constructive phase is based on a layer by layer activation 

process. The contribution of each layer is activated (and considered) according to the 

construction process. This is the initial state for assessing the stress state of the dam. During 

this process, only gravitational forces are considered – the thermal load is neglected.  

2.2 Joint elements 

Joint elements (or interface elements) are special elements that allow representing 

discontinuities in the displacement field. -They are versatile and suitable to simulate contact 

opening. They are designed to transmit both compressive and tensile stresses; the latter are 

governed by a cohesive constitutive law (Figure 1), which is very common in fracture 

mechanics [9]. One of the most important differences with respect to the standard finite 

elements is that the quantities of interest in the interface elements are computed in local 

coordinates, i.e. normal and tangential relative displacements need to be handled. Figure 1 

relates the normalized equivalent stress ςeq with the internal historical state variable ι, and shows 

that the evolution of the cohesive zone is an irreversible damage process. 

 

 

Figure 1: Bilinear cohesive law. 

 

This internal historical state variable characterizes the maximum strain level reached in the 

previous history of the material up to given time t: 

 

 
(1) 

 

In equation (1), ιy is the damage threshold (or yield strain), and εeq is the equivalent strain 

computed in local coordinates through the tangential and normal relative displacements:  

 

 
(2) 

 

with ϵc being the critical displacement, i.e. the relative displacement at which the cohesive zone 

stops transmitting forces. The normalized equivalent stress can be defined as: 

 

 
(3) 

 

where σy is the yield stress, i.e. the stress at which the cohesive zone starts damaging. When 

there is contact between the two faces of an interface, the equivalent strain is computed just 
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from the tangential relative displacements and the tangential stresses are defined like the shear 

strength of the Mohr-Coulomb criterion: 

 

 

(4) 

 

With this approach, damage threshold and yield stress govern the contact opening between dam 

body and foundation. A high value of yield stress represents a monolithic behavior at the contact 

area. 

2.3 Integration Scheme 

An implicit Newmark-beta time integration scheme is used [2]. Values of γ = 0.5 and β = 0.25 

have been chosen in order to achieve stability, leading to the constant average acceleration 

method [2]. Also, the selection of γ = 0.5 provides second order accuracy method. The 

linearization of the momentum equation using the displacements as the unknowns leads to the 

following linear equation: 

 

 (5) 

where 

 
(6) 

and 

 (7) 
  

γ and β are the  aforementioned parameters of the time integration scheme, ∆t is the time step, 

𝐾𝑡+∆𝑡
∗𝑖  corresponds to left hand side contribution composed by:  the stiffness matrix 𝐾𝑡 , the 

damping matrix 𝐶𝑡 and the mass matrix 𝑀𝑡, ∆𝑈𝑡+∆𝑡
𝑖+1  is the vector of incremental displacements, 

and 𝑅𝑡+∆𝑡
𝑖  is the right hand side contribution composed by: external forces 𝐹𝑡+∆𝑡

𝑒𝑥𝑡 , internal forces 

𝐹(𝑈𝑡+∆𝑡
𝑖−1 )𝑖𝑛𝑡, the contribution of vector velocities 𝐶�̇�𝑡+∆𝑡

𝑖−1  and accelerations 𝑀�̈�𝑡+∆𝑡
𝑖−1  at previous 

step. 

2.4 Hydrodynamic effects 

In a linear pseudo-static analysis, an extra hydrodynamic force is added to the model according 

to Westergaard’s approach. The hydrodynamic force follows the direction of the inertial forces, 

i.e. -when the inertial load is applied in the upstream direction, the hydrodynamic force also 

follows that direction, neutralizing the hydrostatic force. 

 

Regarding time-history analysis, Westergaard’s added mass is used for both linear and 

nonlinear analyses. It enables to represent the inertia of the fluid on the structure during 

earthquake. The Westergaard’s distribution (8) applied at each node is proportional to a surface 

density of mass computed as: 

 

 
(8) 

 

Where ρw is the fluid density, H the water depth, z0 the water surface elevation and z the 

elevation of the node under consideration. This contribution is added to the real mass of the 

dam increasing the total mass of the system. 
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3 Numerical model 

A mesh of linear tetrahedrons is used for both static and dynamic analyses, with a mean size of 

3 m for the dam body and 25 m for the foundation. The resultant mesh has 117K nodes and 

654K elements (Figure 2), almost 500K are concentrated in the dam body. 

 

 

Figure 2: Computational mesh. 

The material properties are presented in Table 1. In case of seismic analysis the bedrock is 

considered massless according to the problem statement. 

Table 1: Material Properties. 

Property Bedrock Dam Joint Units 

Density (ρ) 2.8e3 2.4e3 2.4e3 kg/m3 

Static Young’s modulus (E) 2.5e10 2.0e10 2.0e10 N/m2 

Dynamic Young’s modulus (E) 3.0e10 3.0e10 3.0e10 N/m2 

Poisson’s ratio (ν) 0.25 0.2 0.2 - 

Min. joint width (δmin) - - 3e-03 m 

Critical displacement (ϵc) - - 0.05 m 

Yield stress (σy) - - 3.0e8 - 2.0e10* N/m2 

Damage threshold (ιy) - - 0.35 - 

Friction coefficient (μ) - - 0.4 - 

 
* In self-weight, static and dynamic linear analysis, the value of yield stress is set to 2.0e10 N/m2 in order to 

prevent the joint opening and represent that the dam is attached to the foundation, while in nonlinear cases the 

value is set to 3.0e8 N/m2 allowing its opening. 

 

Seismic analyses are performed using the dynamic Young’s modulus. Table 2 shows the load 

combination for each scenario. 

Table 2: Load scenarios. 

Analysis Loads 

Self-weight  Gravitational force (G) 

Static Linear Hydrostatic force (H) 

Static Nonlinear Hydrostatic force + Uplift pressure (U) 

Pseudo-Static Nonlinear H + U + Inertial load + Hydrodynamic force   

Dynamic Linear H + Inertial load + Hydrodynamic Added mass 

Dynamic Nonlinear H + U + Inertial load + Hydrodynamic Added mass 
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4 Results 

4.1 Self-weight Analysis 

A layer by layer activation procedure is used to simulate the constructive process. The dam 

body is built in 16 stages, each of which activates a layer of 10 meters. Figure 3 shows the dam 

at two different stages. 

 

Figure 3: Constructive phase. Left: Stage 6 (60 m). Right: Stage 12 (120 m). 

The stress field after the constructive phase is used as an initial stress state for the remaining 

analyses, while the strains associated to the construction are neglected. Minimum principal 

stresses (compression) at the downstream and upstream face are presented in Figure 4. 
 

 

 Figure 4: Contour plots of principal compressive stresses after construction. Views from 

downstream (left) and upstream (right).  

4.2 Static Analysis 

Linear Analysis 

The water level of the reservoir is 149m (hydrostatic load) and the downstream water level is 

at the bedrock level. In order to ensure a monolithic behavior, a high value of yield stress 

(2.0e10 N/m2) is assigned to the joint element in this scenario. Displacement-X at blocks B0 

and B5 (Figure 5) are plotted versus the elevation in Figure 6. In the case of block B0 it 

coincides with radial displacements, with a maximum value of 1.8 cm at the top of the dam. 

 

 

Figure 5: Block numbering of Janneh dam. 
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Simplified Nonlinear Analysis 

In this scenario, the uplift pressure is considered and its effect on dam-foundation contact 

opening evaluated. Figure 6 shows the evolution of the displacement-X at B0 and B5 versus 

the elevation considering these assumptions (the value of yield stress is 3.0e8 N/m2). 

  

Figure 6: Displacement-X vs. elevation at Block B0 and B5. 

The results of the nonlinear analysis show an increment on the maximum displacements of 

around 12% with respect to the linear ones in the static case. The main cause of such increments 

is the inclusion of the uplift pressure as well as the influence of the joint opening.  

 

Figure 7 shows the evolution of the joint opening along the thickness of the dam at the center 

of block B0 and at the interface between block B3 and B5. The maximum values are 0.10 and 

0.18 mm respectively. This increment is due to the particular geometry of that zone. 

  

Figure 7: Joint Opening. Left: Contact opening vs. radius. Right: Section at center of B0 block 

and B3-B5 block. 

To obtain the acting forces at dam/foundation interfaces of blocks B0 and B5, the stress at each 

element is multiplied by its area to compute the elemental forces. Such force is transformed 

into global coordinates and all elemental contributions in the interface are accumulated. Finally, 

the total force in the interface is rotated to obtain the normal and tangential components at the 

plane of interest.  

4.3 Seismic Analysis 

An Eigenvalue problem must be solved to obtain the natural frequencies of the dam. The modal 

analysis is performed using the dynamic properties of the materials. In the computation of the 

fundamental frequencies, the influence of the reservoir is not included. It is well known that its 

consideration leads to smaller frequencies, increasing the natural period [10]. 

Table 3: Natural frequencies and periods. 

Mode ω (rad/s) Frequencies (Hz) Period (s) % Mass 

1 29.504 4.696 0.213 18.1 

2 38.948 6.199 0.161 1.1 
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Figure 8: Contour plots of the Displacement-X. Left: 1st mode. Right: 2nd mode. 

Non Linear pseudo-static analysis based on the site response spectrum 

The period for the first frequency is 0.213s and according to the site response spectrum 

acceleration for a 5% damping, the corresponding acceleration is 8.78m/s2. Hydrodynamic 

forces are computed using the Westergaard´s approach. Positive and negative acceleration are 

considered as well as the influence of the uplift pressure. Figure 9 presents a sketch of the 

applied forces. 
 

 

Figure 9: Load combinations for pseudo-static analysis Left: Upstream-Downstream 

direction. Right: Downstream-Upstream direction. 

The load combinations presented above are the most unfavorable ones according to the input 

acceleration. The use of Westergaard’s approach as an external load can lead to conservative 

results. Nonetheless, thanks to the pseudo-static analysis it is possible to obtain the maximum 

displacements rank. Figure 10 shows a comparison of displacement-X versus elevation at block 

B0 and B5 (S-L = Static Linear, S-NL = Static Nonlinear, PS-UPS-DW = Pseudo-static inertia 

upstream-downstream, PS-DW-UPS = Pseudo-static inertia downstream-upstream). 

  

Figure 10: Displacement-X vs. elevation at block B0 and B5. 

Table 4 presents the maximum displacement-X value reached in each simulation as well as the 

arch stress at level 737.0 of block B0. In the case of upstream direction a positive value of 

1.40MPa at level 737.0 is reached. Figure 11 shows the displacement-X field for both 

combinations.  
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Table 4: Nonlinear pseudo-static results. 

Inertial Load B0 Disp-X (mm) B5 Disp-X (mm) 
Arch Stress at B0 

737.0 level (MPa) 

Downstream 68.32 30.93 -3.88 

Upstream -40.04 -21.35 1.40 

 

 
Figure 11: Contour plots of the Displacement-X. Left: Downstream Inertia Load. Right: 

Upstream Inertia Load. 

Linear time-history analysis with simplified dynamic interactions 

A linear model is used at this stage, thus dam/foundation interface behavior is monolithic. The 

set of loads are: hydrostatic pressure, hydrodynamic pressure and a set of accelerograms in 

horizontal and vertical directions which are imposed as volume forces, representing the 

earthquake accelerations. The hydrodynamic contribution is considered via the generalized 

Westergaard’s added mass previously introduced.  

Nonlinear time-history analysis with simplified dynamic interactions 

A nonlinear analysis is performed through the usage of joint elements and the consideration of 

the uplift pressure (steady). The results are compared to linear time-history analysis with -and 

without hydrodynamic to highlight the influence of the reservoir in the structural response. 

Figure 12: Displacement-X at the top of block B0. 

 
Figure 13: Displacement-X at the top of block B5. 
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Figures 12 and 13 show the evolution of displacement-X at the top of blocks B0 and B5, 

respectively. The influence of the reservoir increases the maximum and minimum values 

throughout the simulation. The consideration of the added mass increases around 15% the 

maximum value of displacements. Nonlinear analysis shows an increment of maximum values 

of over 6% due to the influence of uplift pressure and the joint opening. It is important to note 

that the minimum values are smaller because the joint closes when the acceleration changes 

direction. Figures 14 and 15 shows the measured module of accelerations at the top of block 

B0 and B5 at center. Both simulations show that the accelerations are smaller due to the 

increment of mass. Nonetheless, such addition of mass does not change the structural behavior. 

Similar results are obtained in linear and nonlinear cases with added mass. 

 

Figure 14: Module of accelerations at center of block B0. 

Figure 15: Module of accelerations at center of block B5. 

 

Finally, the time history of arch stress at elevation 779.0 of block B0 is presented in Figure 16. 

The minimum value is reached when the maximum value of acceleration acts, -3.5MPa.  

Figure 16: Hoop Stress at block B0 at 779 m.a.s.l. 

 

In all time-history simulations it can be appreciated a delay between the input seismic load and 

its response due to the influence of the viscous damping of 5%. This effect is more remarkable 

when the added mass is used.  
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5 Conclusions 

A linear and nonlinear finite element static and dynamic analysis of a concrete arch-gravity dam 

has been performed with the following conclusions: 

 Results show the effect of the uplift pressure, which is relevant in the case study due to 

relatively high base thickness (67m). 

 The joint elements allow considering the opening of the dam-foundation contact, 

although calibration of their constitutive parameters is required. 

 The pseudo-static analysis provides useful information on dam behavior, though the 

range of displacements is over estimated. 

 The hydrodynamic effect considered through Westergaard’s added mass increases the 

maximum values of displacements in up to a 15%. The consideration of a compressible 

reservoir can lead to accurate results but, given the high stiffness of the dam, the 

expected variation is small. 

 The results confirm that the increment of dam thickness is adequate to improve dam 

response to earthquakes.  

 

In the authors’ opinion, the numerical tools used in the present work can be effectively used to 

predict and analyse the nonlinear response of dams to seismic loads. However, calibration of 

the model parameters is necessary to obtain more reliable results in quantitative terms.  
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ABSTRACT: The objective of this paper is to assess the static and seismic behavior of the Janneh RCC 
arch-gravity dam, as part of theme B of the 14th ICOLD Benchmark Workshop on Numerical Analysis 
of Dams. The dam and canyon geometries are modeled using the general purpose finite element program 
Abaqus. The dam behavior is assessed initially by two static analyses, consisting of a linear one and a 
non-linear one that considers the possibility of sliding and gap opening at the dam-foundation interface. 
Subsequently, a pseudo-static analysis based on the site response spectra is conducted using the 
nonlinear model, in which the inertia forces are computed based accelerations derived from both the 
first vibrational mode and the first 20 vibrational modes. Finally, a simplified time-domain dynamic 
analysis based on the linear model is performed. According to the specifications, the massless foundation 
assumption has been adopted in the dynamic analysis. Moreover, complete radiation conditions have 
been adopted only at the dam base. The results of the dynamic analyses confirm that the simplifying 
assumptions regarding the massless foundation and radiation conditions have a significant effect in 
overestimating the dam response.  

 

1 Introduction 
The Janneh Dam is a new 162-meter high arch-gravity RCC dam located in Nahr Valley,  
Lebanon. This is a high-seismicity region with PGA 0.37g and 0.51g for OBE and SEE, 
respectively. The dam was designed as an arch-gravity dam in order to prevent any overall 
sliding towards the downstream side during a strong seismic shaking. Due to arch effect, blocks 
near the banks are overloaded and, therefore, may exhibit an opening at the dam-foundation 
interface even at normal water level. For the purpose of concrete saving, the downstream face 
has been vertically truncated [1]. Because of this downstream toe truncation, the 2D section of 
the central block does not satisfy the stability criteria and the stability of the dam relies on its 
3D behavior [2]. The main features of the dam are summarized in the Table 1. 
 

Table 1: Main Features of the Janneh Dam [2] 

Parameters Value 
Maximum height above 

excavation 
157m 

Width at the crest 10m 
Maximum width at the base 66m 

Crest length 300m approx. 
Radius of curvature at the 

upstream face 
240m 

Elevation of the crest 847m 
Elevation of the spillway 839m 
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2 Numerical Model 

2.1 Dam and canyon geometry 
The dam and canyon geometries are modeled using the general purpose finite element program 
Abaqus [3]. The mesh used for both static and seismic analysis was the updated version 
provided by the theme formulators, in which the dam and its foundation were modeled by fully 
integrated brick elements. A more refined mesh with quadratic brick elements would be clearly 
the preferred, more accurate option, but it was not utilized in this paper. There was no need for 
the reservoir to be modeled with finite elements, since the fluid–structure interaction was taken 
into account by the Westergaard added-mass formulation in dynamic analysis [4]. Figure 1 
illustrates a perspective view of the dam-canyon geometry, the upstream face of the dam body 
and a plan view of the dam.  
 
 

 
Figure 1 : Finite Element model of the dam and canyon geometry (a) perspective view (b) 

upstream face (c) top view of the dam 

2.2 Materials and Constitutive laws 
The material properties that were used for the numerical modeling of the dam and its 
foundation were provided by the formulators and are summarized in Table 2. 
 

Table 2 : Material properties used for the analyses. [2] 

Material Density 
(kg/m3) 

Static 
Deformation 

Modulus 
(GPa) 

Dynamic 
Deformation 

Modulus 
(GPa) 

Poisson’s 

Ratio 
C 

(kPa) 
φ(ο) Tensile 

Strength 
(MPa) 

Concrete 2400 20 30 0.2 - - - 
Bedrock 2800 25 30 0.25 - - - 
Water 1000   0.5 - - - 
Dam / 

Foundation 
Interface 

- - - - 0 45o 0 
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The analysis is based on the following simplifying assumptions: 
 

• The dam and foundation materials follow a linear elastic constitutive law. 
• The foundation is considered massless. 
• For the pseudo-static analysis, the hydrodynamic pressures are obtained from 

Westergaard’s equation [4]. 
• For the dynamic analysis, the hydrodynamic pressures are simulated using the added 

mass formulation [5] based on the Westergaard solution. 
• The dam/ foundation interface either follows a non-linear constitutive law depending 

on the analysis or the dam is considered attached to its foundation. The non-linear 
model that is used for the interface is frictional contact, which allows sliding and 
opening. 

 

3 Static Analyses  
Prior to all analyses, a self-weight calculation of the dam was carried out. The staged 
construction of the dam was simulated by using 16 layers of equivalent thickness. The static 
analysis with the linear model assumes that no uplift forces are exerted on the dam body. The 
static analysis with the nonlinear-interface model takes into account the uplift pressures due to 
the presence of water at the dam-base interface. Fig. 2 plots the distribution of the water pressure 
beneath the block depending on its base elevation, which may vary in each block and even 
within the same block.  The application of the non-uniform water pressure at the block base is 
achieved through a user subroutine.  
 
The distribution of the u/d displacements of the linear model is shown in Fig. 3a and for the 
nonlinear model in Fig. 3b.  Fig. 4 compares the total u/d displacements from the two analyses 
along the height of the central block B0. It is evident that there is only minor sliding at the base 
on the nonlinear model, whereas the crest displacement is slightly less than that of the linear 
model. 
 

 
Figure 2: Distribution of water pressure at the base of the concrete block for different base 

elevations 
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Figure 3: Upstream-downstream displacement based on the (a) linear mode and (b) nonlinear 

model 

 

            
Figure 4: Comparison of u/d total displacement due to hydrostatic load along the height of 

block B0 from the linear and nonlinear models. 

 

4 Pseudo-static Analysis  
The initial state for the pseudo-static analysis is the derived by using the aforementioned 
nonlinear static model. The pseudo-static analysis considers two cases: in the first case, both 
the seismic inertia and the Westergaard hydrodynamic pressures are applied towards 
downstream (positive direction), whereas in the second case, they are both applied in the 
opposite (negative) direction.  Moreover, the inertia forces exerted on the dam body were 
computed using two different assumptions: (a) initially, the acceleration distribution was 
computed by using only the first vibrational mode of the dam and (b) subsequently, the 
acceleration distribution was computed by using the first 20 modes and the first 30 modes. Here 
the results from only the 1st mode and the first 20 modes are presented. Fig. 5 presents the 
distribution of the acceleration in the u/s direction based on site response spectrum acceleration 
derived from the 1st mode (Fig. 5a) and the first 20 modes (Fig. 5b). It is evident that there is a 
substantial difference in the maximum acceleration values in the near mid-crest region. For the 
case of 1st mode contributions, the maximum acceleration is 5.36 m/s2, whereas for the first 20 
modes contributions it reaches a value of 19.28 m/s2.  Most likely, the results in Fig. 5a 
underestimate the values of maximum acceleration. On the other hand, the results in Fig. 5b 
may be either closer to the actual accelerations or may overestimate their value, depending on 
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the number of the utilized modes and the method of summation of the various mode 
contributions (i.e. absolute value, square root of sum of squares, etc.).     
 

 

 
Figure 5: Acceleration in the u/d direction for pseudo-static analysis based on site response 

spectrum acceleration derived from (a) the 1st mode and (b) the first 20 modes 

 
 

 
 

Figure 6: Displacement in the u/d direction from pseudo-static analysis based on site response 
spectrum acceleration derived from (a) the 1st mode and (b) the first 20 modes. Inertia forces 

directed from upstream to downstream (positive direction) 

 
 

 
Figure 7: Displacement in the u/d direction from pseudo-static analysis based on site response 
spectrum acceleration derived from (a) the 1st mode and (b) the first 20 modes. Inertia forces 

directed from downstream to upstream (negative direction) 
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The accelerations in the three directions are used to compute the corresponding inertia forces 
which are applied as static body forces in each element. Fig. 6 plots the distribution of the u/d 
displacements from the pseudo-static analysis derived from the 1st mode (Fig. 6a) and the first 
20 modes (Fig. 6b) for inertia forces and hydrodynamic pressures directed towards downstream.  
The maximum displacement in Fig. 6a is about 40 mm whereas in Fig. 6b about 65 mm. Similar 
results are presented in Fig. 7 for inertia forces and hydrodynamic pressures directed towards 
upstream, with maximum displacements equal to about -7 mm and -35 mm, respectively. 
Moreover, Fig. 8 plots the distribution of the major principal stresses 1  when the inertia forces 
and hydrodynamic pressures are directed towards upstream, which is the most critical case.  
Finally, Fig. 9 presents the distribution of the minor principal stresses 3  when the inertia 
forces and hydrodynamic pressures are directed towards downstream.   
 
It is of interest to examine the interface behavior of the base in the section between blocks B3 
and B5.  Fig. 10 plots the surface displacement of the block base (red solid line) and the canyon 
rock (blue solid line) for the case of inertia forces directed towards downstream. As shown in 
the figure, there is an opening of the gap in the first 26 m of the upstream side. By contrast, 
when the inertia forces are directed towards upstream (surface displacements are represented 
by dashed lines), there is no gap opening at the base interface. 
 
 

 
Figure 8: Major principal stress from pseudo-static analysis based on site response spectrum 
acceleration derived from (a) the 1st mode and (b) the first 20 modes. Inertia forces directed 

from downstream to upstream (negative direction) 

 
 

 
Figure 9: Minor principal stress from pseudo-static analysis based on site response spectrum 
acceleration derived from (a) the 1st mode and (b) the first 20 modes. Inertia forces directed 

from downstream to upstream (positive direction) 
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Figure 10: Behavior along the block 3 and block 5 interface with the canyon. Solid lines 

correspond inertia forces exerted towards downstream, whereas dashed lines correspond to 
inertia forces exerted towards upstream.   

 

5 Dynamic Analysis  
The dynamic analysis of the dam-canyon system is based on the linear model, which assumes 
that the dam-canyon interface is tied and does not allow any sliding or gap opening. The 
hydrodynamic forces based on Westergaard’s solution are computed using the added mass 
formulation, through a user subroutine. The foundation rock mass is ignored, according to the 
specifications.  The base rock is assumed to be flexible allowing radiation of waves in the elastic 
half-space, through the use of appropriate dashpots in the three spatial directions. Free field 
radiation conditions in the vertical boundaries of the canyon model were not applied due to the 
complexity of such a model for Abaqus. Finally, a 5% Rayleigh damping was used for both the 
dam body and the canyon rock materials. The dynamic analysis is performed using the implicit 
formulation and step-by-step time integration.  
 
Before the dynamic analysis, a frequency analysis was conducted to derive the natural frequ-
encies and vibrational modes of the linear model. Fig. 11 presents the first 9 vibrational modes 
and the corresponding natural frequencies. As shown from the steady-state analysis, significant 
contribution is expected from modes 1 and 6. Considering this, the Rayleigh damping 
parameters are selected so that the critical damping ratio is exactly 5% at these to natural 
frequencies. The derived distribution of the critical damping ratio versus frequency is given in 
Fig. 12.   Fig. 13 presents the u/d relative displacement time history at the mid-crest of the dam 
(block B0), having a maximum value of about 61 mm in the downstream direction and -33 mm 
in the upstream direction. Similarly, Fig. 14 plots the distribution of the upper and lower bound 
relative displacements in the two directions, as well as under static conditions, along the height 
of block B0. However, the computed mid-crest accelerations are very high, reaching values of 
about 4g, as a result of the cumulative errors associated with the massless foundation, the 
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incomplete radiation conditions in the horizontal direction for the canyon rock and water, the 
oversimplified numerical model and the assumption of a tied dam-foundation base.  

 
Figure 11: Vibrational modes of the arch concrete dam    
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Figure 12: Rayleigh damping variation with frequency  

 

 
Figure 13: Relative u/d displacement time history at mid-crest (block B0)    
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Figure 14: Distribution of relative u/d displacement along the height of block B0 at static 
conditions and at the moments of maximum movement in the downstream and upstream 

directions, respectively.   

 

6 Conclusions 
The following conclusions may be drawn from the presented study: 
 

1. The pseudo-static analysis using site acceleration spectra based only the first mode of 
vibration seems to underestimate significantly the expected response. 

2. The use of a higher number of vibrational modes may give a more realistic estimate of 
the acceleration distribution based on acceleration site response. Such accelerations may 
be more suitable for the computation of inertial forces used in the pseudo-static analysis. 
  

3. The numerical model used for the dynamic analysis proved to be inadequate, resulting 
in unrealistically high crest accelerations. The model could be improved by refining the 
discretization and adopting higher order elements, allowing for sliding and gap opening 
at the dam base interface, taking into account the mass of the foundation rock and 
improving the radiation conditions along the vertical walls.  
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ABSTRACT: Theme B of the 14th International Benchmark Workshop on Numerical Analysis of 

Dams, comprises static and dynamic linear and non-linear analyses of a large Roller Compacted 

Concrete (RCC) arch-gravity dam. The analyses follow a numerical progressive approach, increasing 

the degree of model complexity. The comparison of results between the benchmark modelling cases 

shows that the type of assumptions can lead to very different sliding safety factors. The 

implementation of uplift pressure in the dam-foundation interface is considered critical for the 

meaningful determination of sliding safety factors for each individual monolith and for the overall 

dam structure. Though thermal analysis has not been requested by the formulators, the authors 

strongly recommend the conduction of such, in order to account for the specific behavior of a RCC 

arch-gravity dam. 

 

1 Introduction  

The 157 m high RCC Janneh dam, currently under construction in Lebanon, is designed with 

an arched layout and the downstream (DS) face of the dam is vertically truncated. 

In order to assess the dam’s degree of safety for both usual and extreme loading conditions, 

static and dynamic numerical analyses were carried out with the progressive approach by 

increasing the degree of numerical modelling complexity.  

Linear static analyses provide an initial overview of the dam’s behavior at the end of the RCC 

construction and impounding stages. High tensile stress concentration at the upstream (US) toe 

of the dam-foundation interface suggests to implement a non-linear dam-foundation interface 

model for localizing, quantifying and verifying the extension of potential interface opening. 

Pseudo-static dynamic analysis, with the non-linear numerical model, based on site response 

spectrum acceleration provides an initial overview of the dam dynamic behavior under seismic 

loads. Linear and non-linear time history analyses show the real dynamic behavior of the dam 

under an applied set of accelerograms. Magnitudes of induced seismic displacements, stresses, 

crest accelerations and foundation slippage are computed and evaluated. 

2 Specific behavior of RCC arch-gravity dams 

A meaningful design numerical analysis of a RCC arch-gravity dam must consider the 

particularities of such a structure, which clearly differ from a conventional vibratable mass 

concrete (CVC) arch-gravity dam regarding construction methodology and constitutive 

material behavior. 

The most distinct difference between RCC and CVC dam construction is that RCC dams are 

constructed in horizontal layers, often at full length between the abutments. Monolith joints are 

cut into the compacted RCC and filled with a bond breaker (e.g. a metal or plastic sheet) prior 

to placement of the successive RCC layer. In contrast to that horizontal placement operation, a 

CVC arch dam is constructed in a vertical operation, placing formed advancing cantilever 

blocks and succeeding blocks in between those, resulting in formed monolith joints. The 
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different construction methodologies result in an essential difference in the initial stress 

distribution on the dam-foundation interface and within the arch dam. The separated cantilever 

columns of a CVC arch dam have space to settle and deform independently from each other as 

more self-weight is added and as the newly placed block expands due to the generation of 

hydration heat. In contrast, the horizontally constructed RCC arch dam may experience an 

internal arching and radius of curvature elongation towards US as the arch hangs itself into the 

abutments due to added self-weight and expands due to the concrete hydration heat, potentially 

leading to reduced normal stresses on the dam-foundation interface of the central dam 

monoliths. 

Monolith joints in a CVC arch dam are principally grouted after a period of post-cooling and 

prior to reservoir impounding to establish the arch action, whereas cut monolith joints in a RCC 

arch dam not necessarily have to be grouted, as the expansion caused by the hydration heat 

pushed the arch towards US, resulting in a limited DS deformation and closed monolith joints 

during impounding. 

It has been demonstrated on prototype RCC arch-gravity dams that the creep-relaxation 

properties of high cementitious content RCC (i.e. RCC containing more than 150 kg/m3 of 

cement and pozzolan) are different to what is usually assumed on the basis of the understanding 

from CVC [2]. Whereas the creep-relaxation of high cementitious content RCC seems to be 

less than what is typically assumed for CVC (a typical value for CVC is in the order of 

150 micron), the creep-relaxation of low cementitious content RCC (i.e. RCC containing 

99 kg/m3 and less of cement and pozzolan) can be even higher. These differences result in a 

different thermal stress behavior between a CVC and a RCC arch-gravity dam, which is even 

more pronounced, when considering the differences in the construction methodologies. 

The differences in the specific behaviors between a RCC and a CVC arch-gravity dam leads to 

the following requirements, for the design modelling of a RCC arch-gravity dam: 
 

• The model should include the modelled monolith joints using tension cut-off; 

• The analysis of the initial stress condition in the dam at the time of reservoir impounding 

should include the sequential dam construction according to the estimated schedule; 

• The analysis of the initial and long-term stress and deformation conditions in the dam should 

include the consideration of the RCC hydration heat generation and cooling regime, taking 

into account the estimated construction and impounding schedules, ambient conditions and 

time-dependent material properties; 

• The RCC should be modelled with a time-dependent modulus of elasticity, considering the 

creep-relaxation properties as either discrete function or implemented through an effective 

modulus of elasticity (sustained modulus). 
 

The benchmark formulation [1] has not asked for the consideration of the hydration heat thermal 

load case, sequential construction and time-dependent RCC elastic properties. Due to the 

importance of those aspects, the authors have carried out an additional analysis to allow for a 

realistic determination of the initial stress conditions in the dam. The stress fields inside the 

dam at the end of construction and after impounding are very different compared to the model 

following the benchmark formulation (Figure 1). However, in conjunction with the assumptions 

made for the thermal load case, the implementation of the more rigorous model, considering 

the specific behavior of the RCC arch-gravity dam, leads to more favorable stress 

considerations with reduced tensile stresses and a reduced opening of the dam-foundation 

interface. Subject to the actual site and ambient conditions, the situation may be different, with 

more unfavorable conditions developing, especially once the hydration heat has largely 

dissipated from the dam interior. The authors therefore recommend the conduction of a thermal 

stress analysis in conjunction with the structural load cases requested in the benchmark 

formulation, accounting for the hydration heat generation and dissipation, along with the 
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specific behavior of the actual RCC arch-gravity dam. The detailed outcome of the combined 

thermal-structural analyses conducted by the authors will be presented in a separate follow-up 

publication. 
 

 

Figure 1: Normal effective stresses in dam-foundation interface from combined thermal-

structural analysis (A) and conventional linear analysis without thermal loads (B). 
 

3 Geometry of the dam and numerical model 

The Janneh dam is an arch-gravity RCC dam with a curved layout and with a DS vertically 

truncated toe. Both US and DS faces of the dam are cylindrical, the overflow spillway is ungated 

at its crest (Figure 2). Main features of the dam geometry and of the 3D numerical model are 

summarized in Table 1 and 2. 
 

 

Figure 2: 3D numerical model of Janneh arch-gravity RCC dam. 
 

Table 1: Main features of the Janneh dam. 

Dam Parameter Value 

Maximum height above excavation 157 m 

Width at the crest 10 m 

Maximum width at the base ca. 60 m 

Crest length ca. 300 m 

Radius of curvature of US face 240 m 

Elevation of the crest 847 m a.s.l. 

Elevation of the spillway 839 m a.s.l. 

Elevation of foundation (B0) 690 m a.s.l. 

DS slope from EL. 831.2 m down to 752.4 m 0.8H / 1V 
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Table 2: Main features of the 3D numerical model. 

Model Parameter Value 

Number of layers 51 

Number of vertical columns (separated by joints) 11 

Total number of elements 66048 

Main solid element type 8 nodes (HX24L)  

Total number of interface elements (dam-foundation 

and column joint) 

4768 

Total number of added mass elements (Westergaard) 8542 

Boundary conditions type Simple supports (rollers) 

 

4 Material properties and constitutive laws  

Main material properties and constitutive laws are summarized in Table 3, 4 and 5. 

 

Table 3: Material properties. 

Material Density 

(kg/m3) 

Static = Dynamic deformation 

modulus (GPa) 

Poisson’s ratio 

Concrete 2400 24.25 0.2 

Bedrock Massless 25 0.25 
 

Table 4: Material properties 

Material c  

(kPa) 
φ  

(°) 

Dilatancy 

(°) 

Tensile strength 

(MPa) 

Dam-foundation interface 0 45 0 0 
 

Table 5: Constitutive laws for the materials and interfaces. 

Material Constitutive law Governing parameters 

Concrete Linear elastic Deformation modulus, Poisson’s ratio 

Bedrock Linear elastic Deformation modulus, Poisson’s ratio 

Dam-foundation 

interface (1) 

Linear elastic Normal and tangential stiffness 

(Dn = 1013 N/m3, Ds = 1012 N/m3) 

Dam-foundation 

interface (2) 

Non-linear (elasto-plastic 

Coulomb friction criterium, 

no tension)  

Friction angle, cohesion, dilatancy angle 

and tensile strength at interface 

Column joint No tension with constant 

normal and shear stiffness 

Assumption only in the cases of non-

linear models in Sections 6.2, 7.1 & 7.3 
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5 Overview of the numerical analyses 

The static and dynamic numerical analyses are carried out with the progressive approach by 

increasing complexity (Figure 3). 

 

 

Figure 3: Flow-chart of the numerical analyses presented in this paper. 
 

6 Static analysis: end of construction and impounding stages  

The construction of the Janneh dam is simulated by activating layers stepwise. It is chosen to 

rise the dam in 51 layers with average thickness of ca. 3 m each. Though transverse joints are 

introduced to discretize the dam body into 11 cantilever blocks (B0-B10), their stiffness has 

been set, so that the entire dam acts as a monolith. A RCC layer is placed during a single time 

step (Figure 4). 

 

 

Figure 4: 3D numerical model: layer-wise construction of the dam. Outcomes of the 

numerical analyses focalize on the behaviors of central block B0 and bank block B5.   
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The impounding stage is simulated by applying the hydrostatic pressure on the US surface in 

four steps, until reaching the NWL at EL 839 m a.s.l. The uplift is applied at the dam-foundation 

interface only for the non-linear model (see Section 6.2). For example, for B0, 150 m and zero 

water heads are applied respectively at the US and DS faces of the dam, with a drainage 

efficiency equal to 1/3 considered 10 m behind the US face of the dam.  

 

6.1 Linear analysis  

In this analysis, all materials and interfaces have a linear elastic behavior. Major outcomes are 

summarized as follows: 

 

• At the end of the construction stage, all displacements of the model are set to zero. 

• At the end of impounding, the maximum horizontal US-to-DS displacements of block B0 

and B5 are 20.8 mm and 11.5 mm respectively (Figure 7). 

• On the US face of central block B0, from the end of construction to the end of impounding, 

the directions of the principal stress axis rotate 90 degrees. Dam self-weight generates a 

maximum vertical compression stress of 3.6 MPa (Figure 5), water pressures at NWL 

triggers the arch-effect, which generates a maximum horizontal compression stress of 1.8 

MPa at EL 760 m a.s.l. and a tensile stress below 1 MPa on the DS face (Figure 5 and 6). 

• At the dam-foundation interface of bank block B5, at the end of impounding, a tensile stress 

below 1 MPa is generated, indicating interface opening. 

• The sliding factors of safety for block B0 and B5 at the end of impounding without 

considering uplift are computed and compared (Table 6).  

 

Table 6: Sliding factor of safety without uplift 

 No Uplift 

Block Resultant shear force (in 

US/DS direction) (MN) 

Resultant normal force (normal 

to interface joint) (MN) 

SF 

B0 1060 3110 2.93 

B5 2480 3640 1.46 

Dam 15100 29400 1.94 

 

  
End of construction End of impounding 

Figure 5: Linear Analysis: vertical stress development in B0 and B5  
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End of construction End of impounding 

Figure 6: Linear Analysis: circumferential stress development in B0 and B5  

 

6.2 Simplified non-linear analysis 

In this analysis, the materials have a linear elastic behavior and the dam-foundation interface is 

modeled with a non-linear elasto-plastic criterium (Coulomb friction with no tension) and the 

monolith joints with a no-tension model (see Table 5). The uplift is applied as an external 

distributed pressure force. Major outcomes are compared with the linear analysis and 

summarized as follows: 
 

• At the end of the construction stage, all displacements of the model are set to zero. 

• At the end of impounding, the maximum horizontal US-to-DS displacements of block B0 

and B5 are slightly smaller than the displacements computed with the linear analysis, due 

to dam foundation slippage: 0.6 mm for B0 and 0.1 mm for B5 (Figure 7). The slippage 

causes the arch to spread more properly into the abutments, assumed to also result in a 

different stress distribution in the dam body compared to the linear analysis. 

• Due to dam US-to-DS slippage, the arch effect is triggered also in the lower construction 

layers. The circumferential stress compared to the linear analysis redistributes, generating 

a maximum horizontal compression stress of 2.1 MPa at EL 748 m a.s.l. 

• By implementing the non-linear elasto-plastic interface model, no tensile stress occurs in 

the dam-foundation interface. A maximum vertical opening of 4 mm is computed along 

joint B3/B5, which decreases towards the DS face for an extension of 15 m (Figure 7). 

• The sliding factors of safety for block B0 and B5 at the end of impounding by considering 

uplift are computed and compared in Table 7. It is noted that the sliding safety factors are 

significantly smaller compared to the linear analysis. However, it is difficult to assess, 

whether this effect is mainly due to the general implementation of the uplift pressure or the 

introduction of the non-linear dam-foundation interface joint. 
 

Table 7: Sliding factor of safety with uplift 

 With Uplift 

Block Resultant shear force (in 

US/DS direction) (MN) 

Resultant normal force (normal 

to interface joint) (MN) 

SF 

B0 1110 2470 2.22 

B5 2570 3280 1.27 

Dam 16300 25100 1.54 
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Figure 7: End of construction and impounding. Comparison between static linear and non-

linear results. Contact opening is computed with the non-linear numerical approach.  
 

7 Seismic analyses  

The seismic analyses are carried out following a progressive approach and each stage increases 

in its degree of complexity. 

7.1 Non-linear pseudo-static analysis based on site response spectrum acceleration  

Pseudo-static analysis is carried out with the non-linear model as described in Section 6.2 for 

an earthquake with PGAH of 0.37 g. The water level is set at NWL. The seismic loads are 

calculated based on the 5% damping site spectrum acceleration (provided by the formulators) 

related to the 1st resonant mode of the system (T1 = 0.39 s, with 50.3% participating total mass 

in US/DS direction) which generates an horizontal acceleration of ca. 0.67 g. The calculations 
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are performed considering the seismic inertia load separately in DS and US direction. The 

hydrodynamic pressure is calculated according to Westergaard’s approach. The dynamic 

modulus is assumed equal to the static elastic modulus and the foundation is massless. 

Main results considering the superposition of static and dynamic loads, are as follows: 
 

• Maximum horizontal US-to-DS displacements at crest are 46.4 mm and 20.7 mm, while 

maximum horizontal DS-to-US displacements at crest are 6.8 mm and 7.0 mm for B0 and 

B5 respectively. 

• For B5, an US-to-DS dam foundation slippage up to 1 mm is evaluated.    

• At the prefixed locations for analysis setup by the formulators, vertical and circumferential 

maximum stresses all show compression stresses below 3.45 MPa. 

7.2 Linear time history analysis  

Linear time history analysis is carried out with the linear model as described in Section 6.1. A 

dynamic characterization of the system with a modal analysis (Modes 1-30, i.e. 2.6-13 Hz, 90% 

effective mass in US/DS direction, 60% effective mass in vertical and horizontal cross 

direction,) is performed in order to evaluate the Rayleigh damping parameters: mass coefficient 

(α) 1.352E+00 and stiffness coefficient (β) 1.052E-03 are obtained considering 5% damping of 

dam and foundation. 

The earthquake input is characterized by a set of two accelerograms with duration of 15 s and 

time step 0.01s applied in both horizontal (US-DS, PGAH = 0.37 g) and in vertical (PGAV = 

0.29 g) directions. 

The calculations are performed considering the hydrodynamic pressure according to 

Westergaard’s approach, dynamic modulus equal to the static elastic modulus and the massless 

foundation. The analysis was performed with an implicit time integration method. 

Main results considering the superposition of static and dynamic loads, are as follows: 
 

• Maximum and minimum horizontal US-to-DS displacements at crest are 87 mm, 59 mm 

and -71 mm, -65 mm for B0 and B5 respectively. 

• The histories of accelerations show a maximum value at the crest and mid-height for B0 

and B5 of 6.1 g, 1 g and 2.6 g, 0.69 g respectively (Figure 8). 

• At the prefixed locations for analysis setup by the formulators, vertical and circumferential 

maximum stresses all show values ranging between a tensile stress of 1 MPa and a 

compressive stress of 2.3 MPa. 

7.3 Non-linear time history analysis  

Non-linear time history analysis is carried out with the non-linear model as described in Section 

6.2 and with the same dynamic approach as described for the linear time history analysis. 

Major outcomes from the analysis, which consider the superposition of both static (self-weight, 

hydrostatic pressure and uplift) and dynamic loads, are summarized as follows: 
 

• Maximum and minimum horizontal US-to-DS displacements at crest are 95 mm, 65 mm 

and -61 mm, -55 mm for B0 and B5 respectively. These differences compared to the linear 

time history analyses show that a seismic induced non-linear behavior in the dam-

foundation leads to differences in displacement values in the order of 10 mm at the crest. 

• The acceleration histories show a maximum value at the crest and at mid-height of B0 and 

B5, however, slightly smaller than the values obtained from the linear time-histories (Figure 

8). 

• At the prefixed locations for analysis setup by the formulators, vertical and circumferential 

maximum stresses all show values ranging between tensile 1.3 MPa and compression 2.3 

MPa. 
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Figure 8: Acceleration time histories   
 

8 Conclusions 

Static and dynamic numerical analyses of the 157 m high RCC Janneh dam in Lebanon were 

carried out for both usual and extreme loading conditions, using a progressive approach by 

increasing the degree of numerical modelling complexity. 

Static analyses for the end of the RCC construction and impounding stages show, that the arch 

effect is triggered inside the dam even for a usual load condition at Normal Water Level, 

offloading the central block and transferring load to the abutment blocks. The arch effect seems 

more pronounced assuming a non-linear dam-foundation interface, on which slippage and 

opening of the dam-foundation interface are evaluated. 

The computed sliding factor of safety in the non-linear dam-foundation interface for the entire 

dam is 1.54 under usual load conditions and assuming no cohesion. This is a 20% reduced 

sliding safety factor compared to the linear model, whereas this effect is a result from the 

general implementation of an uplift pressure in combination with the base joint non-linearity. 

Evaluating and comparing linear with non-linear time history analyses, a maximum 

acceleration of 6.1 g on the dam crest of central block (B0) is achieved and a maximum seismic 

induced slippage at the dam foundation of 2 mm is estimated. Tensile and compressive induced 

concrete stresses are below typical concrete design strength values. 

In conclusion, though for usual loading conditions, both dam slippage and opening on the US 

toe occurs. The 3D arch effect in the structure is visible in the re-distribution of the arch and 

cantilever stresses between the central and the abutment blocks. An overall conclusion is that 

the consideration of uplift is critical for the meaningful determination of sliding safety factors. 
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ABSTRACT: The Theme B of the 14
th
 International Benchmark Workshop aims to perform static as 

well as dynamic analyses in order to identify the role of the uplift forces due to water pressure and 

understand the behavior of Janneh dam under seismic solicitation. This paper describes the studies 

performed by Tractebel. 

The calculation will follow a progressive approach with increasing complexity and successive 

numerical models. 

For the static part, the first model carries out a linear analysis under self-weight and hydrostatic 

pressure on the dam’s upstream face; the second model considers the uplift as an external force, and 

the last one performs a poroplastic analysis; it consists in a bidirectional coupling: the input of the 

structural analysis depends on a preliminary hydraulic analysis, and the hydraulic analysis 

(permeability) is affected by the deformation. The evolution of uplift distribution is thereby simulated 

according to the upstream dam heel opening. 

For the dynamic part, two modeling were carried out: a traditional linear simplified model with 

Westergaard added masses and a linear advanced model with an incompressible reservoir and taking 

into account the wave absorption at the model boundaries. The Perfectly Matched Layers (PML) has 

been used, allowing not only the absorption of normal waves, but also the absorption of waves with 

high incident angles. This provides a significant improvement compared to the last generation of 

absorbing boundaries. The influence of the wave propagation direction on the dam behaviour is 

analysed in this way. 

1 Introduction 

The main objectives of this benchmark are to identify the role of uplift forces due to water 

pressure and to model the dam behaviour under dynamic solicitation. The following results 

are obtained thanks to the finite element software TNO-DIANA.  

The case study is based on Janneh dam, an arch-gravity dam under construction in Lebanon. 

The dam height is 157 m with a 10 m wide crest and a maximum width at the base around 

66 m. 

  
Figure 1: Finite element model meshed for static analysis / simplified dynamic analysis (left) 

and advanced dynamic analysis (right) 
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The mesh pattern is composed of linear elements, mainly hexametric, with a mesh size of 

10 m for the dam near foundation and 100 m at the boundaries. This mesh is refined for 

dynamic analysis, in order to properly simulate the waves’ propagation at the frequencies of 

interest. 

 
Figure 2: Geometry and boundaries conditions 

The normal translation of each face of the foundation volume has been blocked as boundary 

conditions. A joint located at the dam-foundation contact has been introduced. 

2 Material properties 

The material properties were given by the formulators. Nevertheless, the material associated 

to the foundation and the joint will evolve according to the objectives of the model. 

Table 1: Material properties 

Parameters Rock Concrete 

Density (kg.m
-3

) 2800 2400 

Young modulus static (GPa) 25 20 

Young modulus dynamic (GPa) 30 30 

Poisson’s ratio 0.25 0.2 

Initial stress factor (K0) 0.5 X 

 

Table 2: Dam/foundation Joint properties 

Parameters Linear Mohr-Coulomb 

Normal stiffness (GN.m
-3

) 100 100 

Shear stiffness  (GN.m
-3

) 50 50 

Cohesion (GPa) 10 0 

Friction angle (°) 80 45 

Tensile strength (GPa) 10 0 

 

The joint has been modeled with two different laws: first with an elastic linear law and then 

with a Mohr-Coulomb friction law. The joint behaviour has been set depending on the loading 

and the scope of the model. 
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3 Static analysis 

3.1 Self-weight 

 

The dam is made of roller compacted concrete; therefore the construction of the dam is 

modeled in 9 subsequent layers (of different thickness). The vertical construction joints were 

not modeled since the thermic shrinkage of concrete during its hardening is neglected. 

 

The foundation is firstly initialized with a K0 procedure. Since the foundation remains mainly 

in linear behaviour, the value of K0 has no influence on the calculated dam behaviour. The 

dam self-weight is then simulated in 9 steps, activating the different subsequent layers one 

after another. 

 

Figure 3 shows the classical distribution of stresses on dam faces. 

 

  
Figure 3: Stresses on upstream (left) and downstream (right) faces of the dam under self-

weight 

The question of the behaviour of the dam/foundation joint during this load step must be 

underlined. In the numerical model, tangential stresses are potentially higher than the normal 

ones, especially where the banks are the steepest. In reality, no irreversible displacement has 

been observed during the dam construction: each bloc of the arch dam is built separately and a 

vertical joint is implemented between two blocks. Those vertical joints remain open until the 

end of the construction. Consequently, the dam self-weight is here simulated with a 

dam/foundation joint driven by a linear elastic behaviour. Using a joint ruled by cohesion less 

Mohr-Coulomb law with a friction angle of 45° would be first not physically realistic and 

induce unrealistic sliding at the beginning of model. 

 

 

Figure 4: Tangential effort (arrow) and normal 

effort (circles) under self-weight with linear 

behaviour 
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The  

figure 4 shows a top view of the dam-foundation interface where the tangential (arrows) and 

normal (circles) efforts are plotted for some of the elements (to avoid overlapping due to a too 

refined mesh on the upstream part of the dam). If the arrow is crossing the circle, it means that 

the tangential effort is higher than the normal one, and thus a sliding will occur for those 

elements (if the joint is modeled by a cohesionless Mohr-Coulomb law with a friction angle 

of 45 degrees). 

 

3.2 Reservoir Impounding: Linear analysis 

 

According to the benchmark formulation, the dam behaves as if it was attached to the 

foundation. The joint is ruled with an elastic linear behaviour. Thus, not any opening appears 

even though there are tractions on the upstream face of the dam. 

 

The hydrostatic pressure is calculated for a reservoir filling up to the spillway elevation which 

is 149 m higher than the bedrock. 

 

The concept of active arch is highlighted in figure 5 with a mean compression above 1 MPa. 

 

 
Figure 5: Stresses on the arch (107 m from the foot) under self-weight and hydrostatic loads 

 

The hydrostatic pressure generates two large areas of tension located near the banks. This 

effect will increase with the consideration of uplift forces and will create cracks at the 

interface between the dam and the foundation (Figure 6). 

 

  
Figure 6: Stresses on upstream (left) and downstream (right) faces of the dam under self-

weight and hydrostatic loads 
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The analysis of normal and shear stresses at the dam interface highlights a potential opening 

area located in the third upstream part (Figure 7). The shear stresses are higher than normal 

stresses, but their values are low. The relaxation of tensile and higher shear stresses would 

result in very small adaptation. 

 
Figure 7: Tangential efforts (arrows) compared 

to normal efforts (circles) under self-weight 

and hydrostatic pressure with a linear 

simulation 

 

The Figure 8 shows the upstream to downstream displacement and the arch stress along a 

cross section of key cantilever (B0) and the displacement for a block midway from the banks 

(B5) 

 

       
Figure 8: Upstream to downstream displacement for the block B0 (left) and B5 (right)  

 
Figure 9: Upstream-downstream displacements of the dam 
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The upstream to downstream displacements reached a maximum value of 20 mm under self-

weight and hydrostatic pressure. 

3.3 Reservoir impounding: Simplified non-linear analysis 

 

This model considers the uplift as an external force (without any evolution of its distribution). 

The analysis follows the same procedure as the previous model (initialization of the stresses 

in the foundation, and then, the dam’s construction in 9 steps)  

Moreover, the contact between the dam and foundation is modeled with a Mohr-Coulomb 

joint, activated after the reservoir filling. 

  
Figure 10: Stresses on the upstream dam face under static loadings before (left) and after 

(right) the joint's opening 

 
Figure 11: Interface opening 

 

 
 

Figure 12: Tangential effort (arrow) compare to the normal effort (circle) under self-weight 

and hydrostatic pressure with a Mohr Coulomb joint 
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The normal tension stresses have been released and the shear stresses limited with the Mohr 

coulomb law. Downstream adaptations are negligible as expected with the previous model. 

The dam itself is not influenced by the joint opening and the uplift pressure. The model 

improvement allows analyzing in more detail the shear resistance at the contact between the 

dam and foundation: it remains stable due to the safe design of the converging excavation. 

 

      
Figure 13: Upstream to downstream displacement for the block B0 (left) B5 (right)  

3.4 Reservoir impounding: Non-linear analysis with propagation of uplift 

 

The following model will consider the propagation of the uplift pressures. The tension area, 

which has been dissipated in first assumption by the joint opening, influences the uplift 

pressure pattern: the permeability is modified by the cracks opening and the pore pressure 

propagates under the dam. 

 

This mechanism is simulated using a poroplastic analysis. It consists in a hydraulic coupling; 

the pore pressure input of the structural analysis is estimated according to a preliminary 

hydraulic analysis. This is a bidirectional model, since the permeability and the pore pressure 

pattern of hydraulic model depend on the strains calculated from the structural model. The 

evolution of the pore pressure distribution is thereby simulated according to the joint opening. 

 

The main parameters which govern the poroplasticity model correspond to (i) the first Biot 

coefficient, (ii) the relation between the strain and the permeability (iii) the nonlinear 

behaviour of the foundation of the dam, simulating cracks opening, large deformation, and the 

resulting contrast of permeability. 

 

Therefore, the materials are updated and a drain is modeled. The 40 m deep drains have a 

vertical permeability 100 times higher than the rock permeability. It has been set to decrease 

the uplift pressure with a 2/3 ratio according to the benchmark formulation. 

Table 3: Material properties 

Parameters Rock Drain 

Density (kg.m
-3

) 2800 2800 

Young modulus static (GPa) 25 25 

Young modulus dynamic (GPa) 30 30 

Poisson’s ratio 0.25 0.25 

Initial stress factor 0.5 0.5 

Porosity 0.01 0.99 

Cohesion (GPa) 10 X 
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Parameters Rock Drain 

Friction angle (°) 45 X 

Tensile strength (MPA) 0 X 

Biot number 0.2 1 

Permeability (m.s
-1

) 

1.10
-6

 along x 

1.10
-6

 along y 

1.10
-6

 along z 

1.10
-6

 along x 

1.10
-6

 along y 

1.10
-4

 along z 

 

Biot coefficient 

The Biot number (α) determines how the effective stresses are affected by the pore pressure 

(2). It depends on the compression modulus of the drained porous material skeleton (KD) and 

the intrinsic bulk modulus of the non-porous solid (KS) (3).  

 

         (2) 

    
  

  
   

 

     (    )
 (3) 

Where   is the total stress,    is the effective stress,   the Biot number and   the pore 

pressure. 

For a soil or opened discontinuities, the Biot number is equal to 1. For a rock massif or closed 

discontinuities, the Biot number can be much lower than 1. A value of   = 0.2 is assumed in 

the present paper. A sensibility analysis with a value of 1 has been however performed. 

 

Poroplasticity introduces some hydraulic gradients at the reservoir boundaries, which have to 

be compensated by an external force. The effect of the reservoir filling depends on the 

adopted Biot number. With a Biot number equal to 1, a positive vertical displacement occurs 

in the foundation (figure 14); the banks relaxation is predominant. Yet, a Biot number equal 

to 0.2 induces a foundation’s settlement of 5 mm on the upstream part of the reservoir: 

hydrostatic load applied by the reservoir to the foundation is higher than internal hydraulic 

gradient. 

 

  
Figure 14: Vertical displacement under self-weight, uplift and hydrostatic pressure on the 

reservoir for Biot number =0.2 (left) and Biot number =1 (right) 
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Figure 15: Pore pressure at the cross section of key cantilever 

 

Permeability dependency 

The permeability of the material depends on its deformation. The following graph shows the 

permeability according to the porosity for the material “Rock” (the permeability of the drain 

is assumed constant).  

 

 
 

The plastic deformation introduces a high contrast in the permeability and results not very 

dependent on this relation. 

 

Figure 16: Porosity of the foundation after poroplastic analysis 
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Figure 17: Pore pressure pattern under the dam for a poroelastic model (the permeability 

remains constant) 

 

Figure 18: Pore pressure pattern under the dam for a poroplastic model (the permeability 

depends on the deformation) 

 

Nonlinear behaviour 

A nonlinear behaviour of the foundation is used to simulate the cracks opening, and provide 

large deformation, resulting in a contrast of permeability. A Mohr-Coulomb behaviour has 

been adopted, with a high cohesion (no shear failure) and with a tension strength equal to 

zero. 

 

Cracks opening are localized in the upstream part of the dam foundation contact. The opening 

area arrives closed to the drain curtain, without crossing it. 

 

The hydrostatic pressure applied on the reservoir induces a downstream to upstream 

displacement to the dam. Thus, the maximum value of upstream to downstream displacement 

is smaller than for the previous models (17 mm instead of 20 mm). 
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Figure 19: Cracks in the foundation close to the upstream heel 

 

    
Figure 20: Upstream to downstream displacement for the block B0 (left) B5 (right)  

 
Figure 21: Dam's upstream-downstream displacements 

 

3.5 Conclusion 

The present study shows how the uplift pressure influences the dam behavior. The first model 

considers the dam attached to its foundation under self-weight and hydrostatic loads. Tensions 

appeared near the banks on the dam upstream face. Therefore an opening of the 

dam/foundation interface occurred in the second model where the uplift was modeled as an 

external force and no propagation of uplift was modeled. Finally a poroplastic analysis 

enables uplift to go progressively through the foundation as the stresses field was modified by 

the hydrostatic pressure. The stresses and displacements field in the dam are similar for each 

model. The complexity allows analyzing the shear resistance along the interface between the 

dam and the foundation, which is clearly not the principal mode of failure. 

Drains position 
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4 Seismic analyses 

4.1 Eigenmode analysis 

 

Prior to any dynamic analysis, a modal analysis was carried out to determine the frequencies 

of the first eigenmodes of the dam and compare them to the signal spectrum. Three cases were 

considered: an empty reservoir, a full reservoir (Full Supply Level) with the use of 

Westergaard added masses and a full reservoir (Full Supply Level) with the modeling of the 

reservoir, assuming the water incompressible.  

Table 4: Fundamental mode 

 
Empty With WESTERGAARD (FSL) With FSI (FSL) 

Frequency (Hz) 3.96 2.99 3.30 

Period (s) 0.25 0.33 0.30 

Modal mass (%) 7.65 7.47 10.07 

 

 

Figure 22 : 1
st
 Eigenmode with Westergaard added masses 

 

Figure 23 : Site spectrum and 1
st
 eigenmode 
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Figure 24 : Site spectrum and 10 first eigenmodes  

 

This analysis allows determining the main frequencies of the dam which are in the range from 

4 to 10 Hz. 

 

Dynamic analyses have then been performed in time domain with the direct integration of the 

equation of motion, using the Newmark time integration method. The damping is introduced 

through the Rayleigh coefficients; the damping matrix   is a linear combination of the mass 

matrix   and stiffness matrix  : 

        

 

Coefficients have been set to correspond to a damping lower than 5% in the range from 4 to 

35 Hz. This is certainly a too large range of frequency, which not provides damping enough in 

the range from 5 to 10 Hz. This ratio especially overestimates the Westergaard analysis, 

where the Rayleigh damping is the only source of energy dissipation. 

 

 

Figure 25 : Rayleigh damping  

 

0.0

2.0

4.0

6.0

8.0

10.0

0 0.1 0.2 0.3 0.4 0.5

S
p

ec
tr

a
l 

a
cc

el
er

a
ti

o
n

(m
/s

²)
 

Period (s) 

Spectrum First 10 modes - FSI

0%

1%

2%

3%

4%

5%

6%

7%

8%

9%

10%

0 5 10 15 20 25 30 35

D
a

m
p

in
g

 

Frequency (Hz) 

Rayleigh Damping

371



4.2 Linear time-history analysis with simplified dynamic interactions 

 

The first analysis corresponds to the traditional approach.  

 

The fluid structure interaction is taken into account according to Westergaard method: the 

interaction is represented as if a small layer of fluid oscillates with the dam. Added masses are 

thus integrated on the upstream face in order to represent this layer. This solution is easy to 

implement with most of the common finite element software. 

 

The interaction between the dam and the foundation is simplified: the acceleration is applied 

at the model boundaries (fixed points). The foundation is considered massless in order to 

avoid parasite modes due to the arbitrary boundaries of the model. Since the boundaries are 

fixed, waves are reflected and the energy remains in the model. The dissipation of these 

waves is ensured by the damping (5%) applied both to the dam and the foundation. 

 

At the beginning of the dynamic load, stresses and displacements are initialized considering 

the self-weight and the hydrostatic loads, as described in chapter 3. 

 

Seismic loading is composed by a set of two accelerograms, corresponding to the vertical and 

the upstream-downstream components. Both components are applied together. PGA is equal 

to 0.36 g. Vertical accelerogram corresponds to 0.8 times the horizontal component. 

 

 

Figure 26 : acceleration in horizontal direction 

 

4.3 Linear time-history analysis with advanced dynamic interactions 

 

For the second analysis, the fluid structure and dam foundation interactions have been 

improved. 

Fluid structure interaction 

The fluid structure interaction is simulated with the physical representation of the reservoir 

and the simulation of hydrodynamic water pressures (acoustic) propagation in the fluid. The 

fluid is considered incompressible and a specific boundary is applied to avoid any reflection 

at the upstream end of reservoir. 
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Dam foundation interaction and Perfectly Matched Layers (PML) 

The foundation is modeled with absorbing elements at its boundaries. The signal is introduced 

at an extremity of the model and the waves’ propagation is simulated through the model. 

When the waves reach the boundaries, they are absorbed by these specific elements named 

Perfectly Matched Layers (PML) and are not reflected. The foundation mass is taken into 

account, since there is no resonance in foundation due to arbitrary fixed points (and 

reflections) at model boundaries.  

 

A PML is an artificial absorbing layer for elastic waves used to truncate computational 

regions in finite element methods to simulate problems with open boundaries. The numerical 

solution of the elastic wave equation on an unbounded domain can be achieved by using a 

bounded domain (the foundation) surrounded by a layer (PML) that absorbs outgoing waves 

(with non-tangential angles of incidence and non-zero frequencies) without reflecting them 

back to the bounded domain.  

 

The absorption mechanism is the following: outgoing waves in the bounded domain first 

enters the PML domain without any reflection. Then it crosses the PML domain and its 

amplitude is increasingly attenuated. At the other (fixed) end of the PML domain, it reflects 

back and travels towards bounded domain again while being attenuated further. With 

appropriate choices for attenuation functions, the amplitudes of the waves can be made 

arbitrarily small when they arrive back to the bounded domain.  

 

 

 
Figure 27 : PML mechanism 

 

Deconvolution 

The signal is introduced as a force rather than an acceleration. Indeed, the force allows the 

waves superposition, between the applied signal and the waves generated by the dam 

foundation interaction.  

 

A deconvolution is thus necessary to transpose the input acceleration given at the dam site to 

the model boundaries taking into account the transformation due to the waves’ propagation 

(amplitude and phase). 

With attenuation 
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This deconvolution is determined by analysing the transfer function from the dam site and 

model boundaries. Since a single solicitation in X introduces both X,Y and Z components at 

dam location, the deconvolved force for the accelerogram in X direction has not only a 

component in the X direction, but also in the other directions. The methodology is similar for 

the vertical direction. 

 

The form of the transfer function allows estimating the efficiency of the absorbing elements. 

The size and parameters of PML are set according to a sensitivity analysis, in order to have 

the smoothest transfer function, close to 1 (theoretical value). The transfer function is given in 

the following figure. The results are compared with the transfer function estimated with 

traditional absorbing elements, based on data provided by the formulator. 

 

 

 

 
Figure 28 : Function transfer with PML (blue) and provided by the formulator (green) 

 

Direction of waves propagation 

In order to minimize incident waves, input signal is often introduced at the bottom of the 

model corresponding to a vertical direction of waves’ propagation. 

 

As the PML absorb waves with high incident angles; it is also possible to test other 

assumptions. Three cases have been considered: 

- Loads are applied at the bottom side (vertical direction) 

- Loads are applied at the upstream side (upstream downstream direction) 

- Loads are applied at the right bank side (bank to bank direction) 

 

For each case, the deconvolved forces have been computed to reproduce the accelerogram at 

the dam site. 

 

 

4.4 Results  

 

The following results are given for the dynamic model with simplified interactions 

(“Westergaard”) and the dynamic model with advanced interactions (“PML Vertical 

direction” where the forces are applied at the bottom and “PML upstream downstream 

direction” where the forces are applied at the upstream side, and “PML bank to bank” where 

the forces are applied to the right bank side. 
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For the followings figures, the results are provided for block 0 (crown cantilever) and block 5 

(right bank) at the upstream face. 

Accelerations 

The envelope of maximal accelerations is given in the upstream/downstream direction. 

The “Westergaard” model displays stronger acceleration than the “PML” models. The 

acceleration are amplified by a factor of 15 (Westergaard) to 10 (PML). 

Table 5 : Extreme accelerations during earthquake 

 Westergaard PML vertical 
PML upstream 

downstream 

PML Bank to 

Bank 

 
B0 

Crest 

B5 

Crest 

B0 

Crest 

B5 

Crest 

B0 

Crest 

B5 

Crest 

B0 

Crest 

B5 

Crest 

Max (m/s²) 51.2 22.6 32.2 16.3 35.3 16.5 24.2 15.9 

Time (s) 10.27 11.22 8.51 2.31 12.9 13.51 8.46 8.83 

Min (m/s²) -50.5 -24.0 -31.0 -17.8 -43.5 -18.3 847 884 

Time (s) 2.08 8.03 8.07 2.06 13.35 13.3 -23.8 -14.1 

Amplification 

/PGA 
14.1 6.6 8.9 4.9 12.0 5.0 13.32 7.37 

 

 

 

Figure 29 : Acceleration in central block B0 – Upstream face 
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Figure 30 : Acceleration in block B5 – Upstream face 

 

 

Displacements 

The absolute displacements are provided in the upstream/downstream direction. 

It has to be noted that the enveloped curves are nearly symmetrical with respect to the static 

case and that the real maximum displacements which occurred during the earthquake are the 

difference between the observed extreme and the static case. 

 

 
Westergaard PML vertical 

PML upstream 

downstream 

PML Bank to 

Bank 

 
B0 

Crest 

B5 

Crest 

B0 

Crest 

B5 

Crest 

B0 

Crest 

B5 

Crest 

B0 

Crest 

B5 

Crest 

Max (mm) 100.3 53.2 90.9 46.7 104.5 77.6 88.0 111.0 

"Real" Max 

(mm) 
80.5 46.1 71.2 39.6 84.7 70.5 68.3 103.9 

Time (s) 8.08 11.46 8.07 8.07 5.08 5.06 8.31 5.17 

Min (mm) -91.8 -58.2 -50.6 -32.7 -66.5 -59.8 -59.1 -79.6 

"Real" Min 

(mm) 
-111.6 -65.3 -70.4 -39.8 -86.3 -66.9 -86.3 -66.9 

Time (s) 3.68 3.73 13.21 13.19 3.34 3.36 13.1 3.3 

Table 6 : Extreme displacements during earthquake 
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Figure 31 : Displacements in central block B0 – Upstream face 

 

 

Figure 32 : Displacements in block B5 – Upstream face 
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Stresses  

The stresses fields are provided for the most unfavorable time, when the displacements are 

extreme. 

 

The maximal downstream displacement case corresponds to maximal compressive stresses. 

For each model, the stress patterns (directions) are similar. The traditional approach generates 

higher compressive stresses (8-10 MPa) than the use of PML (6-8 MPa). 

Some tension appears at the upstream part of the dam foundation interface. This is a normal 

behaviour, which has been examined in chapter 3. The released of this tensile stresses will not 

affect the dam behaviour. 

 

The maximal upstream displacement case corresponds to a maximization of joints or cracks 

openings. Inertia load and hydrodynamic pressures are opposite to the static loading. With a 

linear behaviour assumption, this case maximizes the tensile stresses. 

The traditional approach generates higher tensile stresses (4-6 MPa) than the use of PML (2-4 

MPa). This tensile stresses are higher than the RCC strength and cracks will probably appear 

during earthquake. Tensile stresses are mainly oriented in the vertical direction; the gravity 

effect seems more important than the arch effect for upstream oscillation. 

Due to the massive design of the dam, the release of tensile stresses will probably have few 

effects in the dam behaviour. It could be analysed either by a more complex model with non-

linear concrete behaviour, or a specific postprocessing like kinetic bloc approach. 

  

 
Westergaard 

 
PML vertical direction 

 
PML upstream downstream direction  

PML bank to bank direction 

Figure 33 : Stress field on upstream face for the maximal downstream displacement.  
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Westergaard 

 
PML vertical direction 

 
PML upstream downstream direction 

 
PML bank to bank direction 

Figure 34 : Stress field on downstream face for the maximal downstream displacement.  

 

 

 
Westergaard 

 
PML vertical direction 

 
PML upstream downstream direction 

 
PML bank to bank direction 

Figure 35 : Stress field on upstream face for the maximal upstream displacement.  
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Westergaard 

 
PML vertical direction 

 
PML upstream downstream direction  

PML bank to bank direction 

Figure 36 : Stress field on downstream face for the maximal upstream displacement.  

 

 

The enveloped curves below show the arch stresses for the central block at the upstream side 

for each model and for the most unfavorable cases (extreme displacement + extreme 

acceleration time steps). 

 

 

Figure 37 : envelop of maximal stresses 
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4.5 Conclusion 

 

A progressive approach has been applied, from traditional massless foundation with 

Westergaard’ added masses to the use of absorbing layers (PML) and fluid structure 

interaction simulated with wave propagation (hydrodynamic pressures) in the reservoir. 

 

A gap exists between massless model and the use of PML, probably mainly since the PML 

highly dissipate energy and are equivalent to a high damping ratio. These results closely 

depend on the dam shape, and the energy dissipation at the radiative boundaries is even 

greater than the dam is massive. 

 

The methodology of dynamic analysis with absorbing layers consists in a deconvolution of 

the applied forces at the model boundaries so that the acceleration at the valley center 

corresponds to the input data. Consequently, the accelerations in the banks depend both on 

site effects and seismic direction. The efficiency of PML parameters is analyzed through the 

transfer function between acceleration computed at the dam location, and acceleration 

computed where seismic loading are introduced. This function transfer appears smooth, with 

values closed to 1, highlighting the good performance of theses boundaries. 

 

Since the Perfectly Matched Layers can absorb waves with high incident angles, the 

sensitivity of the earthquake direction has been tested. This can be an important point since A. 

Chopra underlined in the Pacoima dam seismic response that only a non-uniform solicitation 

under the dam could explain the cracks that appeared during the earthquake.  

 

For the case of the massive arch gravity dam of Janneh, the dam behaviour is a little sensitive 

to the earthquake direction; maximal stresses are reached according to the first mode of 

vibration (symmetric). The seismic direction could be more sensitive for thin arch dams, when 

the signal spectrum will amplify antisymmetric modes. 
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Static and seismic assessment of an arch gravity dam 
Staudacher Edwin E.S.1 and Gerald Zenz Z.G.1 

1Graz University of Technology, Institute of Hydraulic Engineering and Water Resources Management, Graz, 
AUSTRIA 

E-mail: edwin.staudacher@tugraz.at 

ABSTRACT: Gravity dams are generally designed in a way that the resistance against driving 
(destabilizing) forces is generated in the dam-rock interface (base joint) by means of friction and 
cohesion. In cases of high seismicity this resistance may not be sufficient to prevent unacceptable 

sliding of the dam or some single blocks of the dam. Hence, an arching of the dam axis can provide 
proper resistance. 

This approach has been used for the design of the 157m high Janneh dam, currently under construction 
in Lebanon. This arch gravity RCC dam is one topic of the 14th ICOLD Benchmark Workshop 2017. 
The formulators asked for several calculations using the finite element method (FEM) with different 

levels of detail. This means that static and dynamic analyses have been carried out, considering linear 
and non-linear dam-rock interactions. 

 

Conclusion 
For this Benchmark Workshop the mandatory models have been prepared, the results are 
discussed below.  
 
Considering static loads like dead weight of the dam body and hydrostatic water load on the 
upstream face of the dam relatively small differences of upstream to downstream displacements 
can be identified between the models with linear and non-linear interaction in the dam-rock 
interface. After the application of uplift pressures on the dam body as external force, an increase 
of deformations can be witnessed due to further opening of the base joint. For this situation, a 
max. upstream to downstream displacement at the crest of the main section of approximately 
23 mm can be identified.     
 
This leads to a redistribution of the reaction forces (normal and shear) at the base joint of the 
investigated blocks B0 (main section) and B5 (bank block on the right abutment). The normal 
component decreases, because of reduction of contact area which is under compression, at the 
same time the shear component increases. The value of the friction angle at the interface is 
defined as the equivalent to 45°. Therefore, the sliding factor of safety is greater than 1.0 at 
block B0 and B5. Hence, it can be concluded that no sliding of these blocks occurs.  
 
Continuing the investigation at the base joint, the formulators asked to extract the length of the 
open joint between the right bank blocks B3 and B5 in the non-linear case, with consideration 
of uplift pressures. On the upstream side of the joint, an opening of approximately 3mm has 
been determined. Towards downstream direction, the opening of the joint reduces and it is 
closed after approximately 15m of 66m (= total length of the base joint in this section).  
 
Taking a look at the hoop stresses along the height of block B0 and B5, it can be seen that non-
linear behavior of the dam-rock interface has an influence on the stress distribution, especially 
at the lower portions of the dam. Although, the differences between linear and non-linear 
contact assumption is more distinct at block B5, mainly at lower elevations of the block.  
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On the contrary to changes of hoop stresses, vertical stresses in block B0 and B5 are not 
significantly diverging between linear and non-linear cases.  
 
Two further models have been prepared for the seismic assessment of the dam. The first one 
considers the pseudo-static approach combined with non-linear dam-rock interface. The second 
one utilizes time history analyses for ground accelerations in horizontal (stream wise) and 
vertical direction but with linear interaction.  
For both seismic analyses a massless foundation has been considered. To respect the 
hydrodynamic effects in the reservoir, fluid structure interaction with acoustic elements has 
been applied. Hence, the acoustic elements are coupled with the structure.  
 
In the pseudo-static case the horizontal acceleration is based on the spectral acceleration derived 
from the provided site spectrum. Therefore, the first natural frequency of the dam (2.56 Hz) and 
further on, a horizontal ground acceleration of 6.64 m/s2 in stream direction has been calculated. 
This ground acceleration has been applied in upstream to downstream direction and contrarious.  
As an example, the upstream to downstream displacement has been calculated with 65.5 mm at 
crest level of block B0 when the inertia is applied in downstream direction. Is the inertia applied 
in the opposite direction the displacement of the same node reaches a value of -45.4 mm.   
 
Finally, the fourth model deals with the time history analysis of the dam for a 15 seconds long 
earthquake, including a Rayleigh damping of 5%, which is based on the second and 12th natural 
frequency. As one of the results, the maximum upstream to downstream displacement can be 
given with 80.6 mm at crest level of block B0.  
Due to amplification, the acceleration at crest of the main section is 4 to 6 times higher than the 
ground acceleration at the same time step.     
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ABSTRACT: The Janneh dam is designed as an arch-gravity RCC dam (H=157 m), and currently is 
under construction. It was initially designed as a straight-gravity dam. However, due to seismic 

reasons, its layout has been curved. The 2D section of the central block does not satisfy the generally 
adopted stability criteria for straight gravity dams. The stability of the dam relies consequently on its 

3D behavior. In the paper is performed numerical analysis of dam Janneh, thus applying total of 8 
models. Namely, the dam was analyzed on action of static and seismic loads (spectral analysis and 

time history analysis). For research of the behaviour of the contact zone dam-foundation were applied 
interface elements. 

1 Introduction 
The construction of arch gravity dams under favorable conditions (shape of the valley, strength 
of the bedrock, availability of construction materials is a more and more competitive alternative.  
More specifically, when Roller Compacted Concrete (RCC) is used, such alternative may be 
comparable to a Conventional Vibrated Concrete (CVC) arch dam in terms of costs of the 
project. Moreover, the higher overall thickness of the dam allows its construction on bedrocks 
of lower quality compared to that required for CVC arch dams.  
In the present case study is analyzed the structural behaviour of Janneh dam (157m high, 
currently under construction in Lebanon), under static and seismic loads by numerical models. 

2 Specific behaviour of arch-gravity dams 
The behavior of straight gravity dams on wide valleys is well known and several international 
guidelines may be used in order to assist their design: 
- The dam withstands the water pressure by means of shear strength at the dam/foundation 

interface and at several weak planes in the dam body and/or within the bedrock;  
- Crack opening at the upstream toe is generally only allowed for unusual and extreme load 

cases (occurrence of MCE type of earthquake). 
Except for high-seismicity sites, 2D rigid block analysis is usually considered sufficient to 
assess the stability of arch gravity or gravity dams. In cases when the layout of a gravity dam 
is curved with a small enough radius of curvature, arch effect is triggered, even under normal 
operating conditions. The arch effect laterally transfers a part of the water pressure to the 
abutments of the dam. This leads to an offloading of the central blocks and an overloading of 
the bank blocks.  

3 Geometry of the dam 
The Janneh dam is designed as arch-gravity RCC dam. The dam was initially designed as a 
straight-gravity dam. However, due to seismic reasons, its layout has been curved.  
The definition of the upstream and the downstream faces of the dam is cylindrical (simple 
curvature). The main features of the Janneh dam are provided in the Table 1. The dam layout 
and typical cross sections A-A (at block B5) and B-B (at block B0) are displayed on Figure 1. 
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Table 1. Main features of the Janneh dam. 
Parameters  Value  
Maximum height above excavation  157m  
Width at the crest  10m  
Maximum width at the base  66m approx.  
Crest length  300m approx.  
Radius of curvature of the upstream face  240m  
Elevation of the crest  847m  
Elevation of the spillway  839m  
Downstream slope from 831.2m down to 752.4m  0.8H / 1V  

 
Figure 1: Plane view and cross sections A-A and B-B of Janneh dam. 

4 Description of program package SOFiSTiK 
The numerical analysis of dam Janneh is carried out by application of program SOFiSTiK, 
produced in Munich, Germany. The program is based on finite element method and has 
possibilities for complex modeling of the structures and simulation of their behavior. It also has 
possibility in the analysis to include certain specific phenomena, important for realistic simulation 
of dam’s behavior, such as: discretization of the dam and foundation taking into account the 
irregular and complex geometry of the structure, simulation of stage construction, simulation of 
contact behavior by applying interface elements and etc. in order to assess the dam behavior and 
evaluate its stability. The program SOFiSTiK in its library contains and various standards and 
constitutive laws (linear and non-linear) for structures analysis.  
Within the stage of numerical analysis, following steps must be undertaken, typical for this type 
of analysis: (1) choice of material parameters and constitutive laws (concrete. rock foundation 
and interface elements); (2) discretization of the dam and the rock foundation and (3) simulation 
of the dam behaviour for the typical loading states (as required in the topic formulation). 

4.1 Input parameters and constitutive laws for the materials 
The choice of material parameters, as input data for the stress-deformation analysis is complex 
process, taking into account various factors and influences. The rock foundation in the numerical 
model is taken into account as initial state, and the selfweight loading of the rock is not taken 
in consideration. A linear constitutive law is applied for the rock masses in the foundation, with 
input data specified in Table 2 according to the topic formulation.  
The dam body is planned to be constructed by Roller Compacted Concrete (RCC). The dam 
construction will be simulated by subsequent horizontal layers of approximately equal height. Total 
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of 10 subsequent horizontal layers (groups) are applied in the numerical model. The constitutive 
stress-strain law for concrete is adopted linear, with input parameters specified in Table. 2.  

The water load is important specific phenomena in case of dams. In case of static loading the 
water is applied as water pressure on the upstream face of the dam. Rather complex is the water 
effect simulation in numerical models in case of seismic loads, where there are generally two 
approaches – by Westergaard method (added masses) or by compressible fluid.  

Table 2. Material parameters. 
Material  Density 

(kg/m3)  
Static 
deformation 
modulus 
(GPa)  

Dynamic 
deformation 
modulus 
(GPa)  

Poisson’s 

ratio  
p-wave 
velocity 
(m/s)  

c 
(kPa)  

ϕ 
(°)  

Tensile 
strength 
(MPa)  

Concrete  2400  20  30  0.2  -  -  -  -  
Bedrock  2800 25  30  0.25  -  -  -  -  
Water 1000   0.00000125 0.499  -  -  - 
Dam / 
found.interf. 

-  -  -  -  - 0 45 0 

4.2 Discretization of dam body and foundation by finite elements 

Applied finite elements 
Numerical analysis in the report are performed by spatial (3D) model, where the dam body and 
the foundation are modeled with volume elements. A powerful and reliable finite element should 
be applied in case where an analysis of structure with complex geometry and behavior is required, 
having in consideration that the correctly calculated deformations and stresses are of primary 
significance for assessment of the dam stability. In this case, for discretization of the dam body 
and the rock foundation are applied quadrilateral finite element (as auxiliary elements, type quad, 
by 4 nodes), volume finite element (type bric, by 8 nodes) and interface element of type spring. 

Numerical model geometry  
The model is composed of dam body, rock foundation and interface elements at contact dam-
foundation. The rock foundation is modeled according to the prepared geometry by the task 
formulator. More precisely, the numerical model captures the dam body, limited by dam site 
shape apropos the rock foundation, with approximate length upstream of the central section 
248.0 m and downstream of 265.0 m. The rock foundation below the dam is taken in 
consideration at approximate depth of 223.0 m. The length of rock foundation in the left bank is 
approximately 227.0 m, while in the right bank the length is 242.0 m. The spatial model has 
geometrical boundaries, limited to horizontal and vertical plane. In these planes are defined the 
boundary condition of the model (Figure 2). The horizontal plane in the lowest zone of the 
model is adopted as non-deformable boundary condition, vertical planes perpendicular on X-
axis are boundary condition by applying fixed (zero) displacements in X-direction and vertical 
planes perpendicular on Y-axis are boundary condition by applying fixed (zero) displacements 
in Y-direction. The discretization is conveyed by capturing of the zones of various materials in 
the model – concrete and rock foundation. The dam body is divided in 10 groups that will enable 
simulation of stage construction of the dam. Namely, for each layer is assigned group, thus 
enabling activation and deactivation in dependence of the loading state of the dam.  
The behavior of the contact zone dam – foundation is simulated by interface elements (type 
“spring”, Figure 3). Namely the spring interface elements are used to model the contact 
foundation – dam, which enable differential displacements in the joint. Interfaces in principle, 
act as compressed ones, i.e. the relative displacement along the contact are in fact displacements 
in tangential direction of the spring. The behavior of the springs generally is described by two 
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parameters: normal stiffness C and tangential stiffness Ct. On the current level of development 
in geotechnics, several approaches of shear strength testing are known, but there are still cases 
when it is very usual to adopt or assume them, and very often this problem is not even treated. 
Along with this, it is very difficult to conclude how close is the prognosis of the parameters to 
the actual conditions which are expected in the phase of exploitation of the structures. The 
theory and methodologies for determination of shear strength along discontinuities are also 
developed [1, 2]. Furthermore, there are some developed methodologies to define shear strength 
along interfaces concrete-rock mass in a phases of design for concrete dams [3, 4]. Some detail 
analyses of shear strength parameters in designing of fill dams can be found in Barton and 
Kjaernsli [5], while summarized overview is given by Tančev [6, 7]. The research of input data 
for the stiffness properties by specially arranged laboratory direct shear test can be done by 
applying the Hoek’s apparatus [8]. In the present case there are no specified input data and for 
simulation of model of dam attached to the foundation are adopted high values for the stiffness 
strength parameters C=Ct=1×109 KN/m3, and for simulation of non-linear behavior are adopted 
lower values C=1×108 KN/m3, Ct=1×106 KN/m3, and also is applied input for no tension 
stresses occurrence along with input of friction and cohesion parameters, thus applying Mohr-
Coulomb constitutive law for the contact zone behavior. Namely, the nonlinear behavior of the 
dam and contact zone is enabled by input of non-possibility for crack occurrence i.e. if tension 
stresses occur there is as possibility for crack generation in that zone, depending whether or not 
are exceeded the allowable tension stresses of the concrete.  

 
Figure 2: View of the numerical model, with boundary conditions.  

 
Figure 3: Interface element type “spring”. 

Dam loading 
The applied dam loading includes simulation of the dam loading state at full reservoir, for 
normal water level Znwl=849.0 masl. In order to simulate the specified state, firstly was 
simulated the dam construction in 10 horizontal layers, taken as initial state for the full reservoir 
with displacements reset to zero, as specified in the theme formulation. 
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The state at full reservoir is simulated by applying hydrostatic loading (water pressure) on the 
upstream face of the dam and uplift (in models where required) on the contact zone dam-
foundation and in the opening zone for static loading (in models where required). In case of 
seismic loading, a water effect is simulated by Westergaаrd method and water fluid, along with 
applying of specified time history acceleration records. 

5 Static analysis 
The numerical calculations are to be carried out by following a progressive approach: the 
subsequent stages are of increasing complexity. Some of the output results from the various 
models are displayed and discussed. 

5.1 Linear analysis (model no. 1) 
In the linear analysis, the dam is modelled as fix connected to its foundation by the properties 
of the interface elements (high values for stiffness parameters). Uplift is not taken in 
consideration in this model. On Figure 4 are displayed horizontal displacements (X-direction 
upstream to downstream) in the central block B0 and for bank block B5 for state at water 
elevation on 839.0 masl. The displacements are in downstream direction, with maximal value 
at the dam crest for both blocks. 

 
Figure 4: Horizontal displacements in cross section of the central block B0 and bank block B5 

[mm] (“+“ denotes displacement in downstream direction) for model no. 1. 

5.2 Simplified non-linear analysis (model no. 2) 
In the simplified non-linear analysis, the dam is modeled by applying interface elements, 
following Mohr-Coulomb law and uplift simulated as loading on the dam foundation zone in 
full amount regarding the water level elevation. On Figure 5 are displayed horizontal 
displacements (X-direction upstream to downstream) in the central block B0 and for bank block 
B5 for state at water elevation on 839.0 masl. The displacements are in downstream direction, 
maximal value at the dam crest, by similar distribution and slightly increased values compared 
to model no. 1 (as stiffer model). 

5.3 Non-linear analysis with propagation of uplift (model no. 3) 
In the non-linear analysis with propagation of uplift, the dam is modeled by applying interface 
elements to model, following Mohr-Coulomb law, while the uplift is simulated as loading on 
the dam foundation zone in full amount regarding the water level elevation. Also in opened 
region of the dam-foundation interface, in zone of block B5 is applied uplift loading as external 
load (in direction of the gravity and in opposite direction). 
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On Figure 6 are displayed arch stresses (componential principal stresses II) for block B0 and 
B5. The maximal values occur on the upstream face in case of block B0, value of 1.4 MPa. For 
block B5 maximal value of 0.9 MPa occurs at the downstream zone near the foundation. 

 
Figure 5: Horizontal displacements in cross section of the central block B0 and bank block B5 

[mm] (“+“ denotes displacement in downstream direction) for model no. 2. 

 
Figure 6: Arch stresses in blocks B0 and B5 at water elevation at 839.0 masl for model no. 3. 

On Figure 7 is displayed chart for openings of the contact zone for block B5 along the full length 
of 66.0 m (spring displacements). The maximal values are at the upstream face (0.05 mm) and 
decreasing towards the downstream side. The openings occur at length of 20 m of the block B5. 
The essential point of the dam behavior on static loads is the possibility of crack occurrence in 
critical zones (for example upstream toe of the dam). The potential crack zones can be estimated 
by the behavior of the interface elements apropos occurred tension stresses in spring elements. 
Such stresses can cause crack if they exceed the allowable tension stresses. So the defining of 
the allowable tension stresses should done for the present RCC dam by laboratory testing, that 
would enable defining of potential cracks or crack zones. 

 
Figure 7: Openings at contact zone for block B5 due to static loads in case of model no. 3. 
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The uplift application in the opened region dam-foundation causes change in the vertical 
displacements in that particular zone, compared to the zone on the left bank (Figure 8).  

 
Figure 8: Vertical displacements in the dam body in case of model no. 3. 

6 Seismic analysis 
The aim of this section of the report is to study the seismic behaviour and safety of the dam. As 
already specified, the seismic safety is analyzed in case of Operating Basis Earthquake (OBE).  
In the further analysis for estimation of the dynamic stability of the dam, it is required to 
determine the response of the structure under action of design earthquakes Z1 (synonym for 
OBE). For the seismic analysis, in case of OBE, Z1 a duration t = 15 s is specified in the input 
data. For the seismic analysis in time domain, for Z1 the peak ground acceleration is PGA1x = 
0.37g. The earthquake action is simulated by both time history analysis and spectral response 
of the structure (dam).  

6.1 Design spectrums of the applied earthquake  
For conveying of the seismic analysis in time domain, it is required knowing of the frequency 
of the applied earthquakes for investigating of the structure response under action of seismic 
loading. On. Figure 9 are displayed time history accelerogram and response spectrum in case 
of modest earthquake – OBE, for horizontal component of the accelerations. According to the 
accelerogram and response spectrum it can be expected that the OBE earthquake, with great 
number of peaks in relatively long lasting period to have strong influence of the deformations 
in the dam body. 

6.2 Initial state for seismic analysis and water effect simulation 
 The carried out analysis in case of static loads, for full reservoir (water elevation at 839.0 masl) 
is as initial state for the seismic analysis.  
As previously mentioned, the water effect within the seismic analysis can be modeled by 
Westergaаrd method and by treating the water as compressible fluid. The general formulation 
by the Westergaаrd method assumes parabolic distribution of the hydro-dynamic pressure along 
the dam upstream face, and the normal hydro-dynamic pressure in certain point of the curved 
surface is proportional on the full normal acceleration. 
The various types of executed analysis offers possibility to research the time dependent 
parameters of the seismic response of the dam. Although, data regarding the maximal stress 
superposition, duration and zone of occurrence are possible to obtain. The input data is the time 
history of accelerations, thus calculating the response during the excitation. By such method 
the seismic response of the structure in time domain is obtained by direct integration of the 
motion equation.  
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Figure 9: Accelerograms of horizontal component of accelerations and response spectrum for 

damping DR = 0.05 for OBE, Z1, ax,max = 0.37g. 

6.3 Linear pseudo-static analysis based on site response spectrum acceleration (model no. 4) 
The dynamic properties of the dam in case of full reservoir are determined by analysis of 50 
tone modes of the free oscillations. According to Eurocode 8 [9], recommendations, the 
percentage of activated mass should be over 90%, that is met here (97% in X-direction). The 
period of first modal shape is T1=0.40 s and it is a case of symmetrical model shape, while the 
second is asymmetrical (Figure 10). 

 
Figure 10: First (left) and second (right) modal shape, f1=2.49 Hz and f2=3.49 Hz respectively. 

Regarding the models with time history analysis an concise overview has been done for models 
no. 6 and no. 8 (based on non-linear models) and in the following are displayed and commented 
some of the output results due to the full paper pages limitation. 

6.4 Non- linear time – history analysis with simplified dam-reservoir interactions (model no. 6) 
The model no. 6 includes initial state of the dam, interface elements, following Mohr-Coulomb 
law and water effect simulated by Westergaard method. 
On fig. 11 is displayed dynamic response of the dam under action of the specified OBE 
earthquake in node no. 124, located at dam crest for section B-B at elevation 839.0 masl, where 
maximal accelerations are expected to occur. From the output results it can be noticed that dam 
responds to OBE earthquake by amplification of the horizontal acceleration in the crest 
multiplied by 11 regarding the peak ground acceleration (dynamic amplification factor 
DAF=11). 

 
Figure 11 Accelerations ax [m/s2] ÷ T [s] and response spectra Sa [m/s2] ÷ T[s], in horizontal 

direction for damping DR = 0.05, node 124 at action of (OBE, Z1) for model no. 6. 
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6.5 Non - linear time – history analysis with advanced dynamic interactions (model no. 8). 
The model no. 8 includes initial state of the dam, interface elements , following Mohr-Coulomb 
law and water effect simulated by applying the water as compressible fluid. 
On fig. 12 is displayed dynamic response of the dam under action of the specified OBE 
earthquake in node no. 124, located at dam crest for section B-B at elevation 839.0 masl. From 
the output results it can be noticed that dam responds to OBE earthquake by amplification of 
the horizontal acceleration in the crest multiplied by 8.15 regarding the peak ground 
acceleration (DAF=8.15). 

 
Figure 12 Accelerations ax [m/s2] ÷ T [s] and response spectra Sa [m/s2] ÷ T[s], in horizontal 

direction for damping DR = 0.05, node 124 at action of (OBE, Z1) for model no. 8. 

On fig. 12 are displayed openings and sliding  for node at the upstream toe of block B5. The 
diagrams of time history of displacements in upstream toe of the dam at block B5 have proper 
shape of dynamic response of arch gravity dams. The amplitude of the openings (vertical 
displacements) reaches value of 0.30 mm, while the amplitude of sliding (tangential 
displacements) reaches total of 2.0 mm 
 

 
Figure 13: Time history of sliding (left) and openings (right) for the upstream toe of block B5 

for model no. 8. 

7 Concluding remarks  
From the numerical experiment of simulation of the structural behaviour of Janneh dam 
following concluding remarks can be drawn out: 
1. The prediction of the arch gravity dam behaviour during construction, after construction, 

reservoir filling and service period by means of numerical models is of primary importance. 
2. The arch gravity dam stability includes determination of potential crack zones, occurred by 

exceeding the allowable tension stress of the concrete. The specification of allowable 
tension stresses for concrete type should be done by laboratory testing performed for that 
purpose and afterwards identification of such critical zones will be precisely determined. 
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3. The interface elements are applied at the contact dam-foundation, thus simulating the 
contact behaviour. It is a very complex part of the modeling and it requires specific shear 
tests for determination of the input parameters or stress – strain curve. 

4. The seismic analysis treats the dam stability at action of strong earthquakes. In the present 
case study are determined the dynamic properties of dam Janneh for full reservoir for 50 
tone modes of the free oscillations. The period of first modal shape is T1=0.40 s and it is a 
case of symmetrical model shape, If the natural periods of the dam are in the descending 
region, the dynamic response of the dam will decrease as joint opening and cracks develop. 
The values for the period and modal shapes are typical for such type of dam. 

5. Regarding the obtained results from the time history analysis, in case of node. no. 124 
(central node at dam crest) it can be stated that under action of OBE earthquake by 
PGA=0.37 g, the dam responds by DAF=11 (model no. 6) and DAF=8.15 (model no. 8). 
The diagrams of time history of accelerations have proper shape of dynamic response of 
arch gravity dams. 

6. By analysis of the response spectra (for OBE excitation) it can be noticed that zone of 
resonant effects is in the interval (0.3-0.4) s, mainly corresponding to registered data for 
natural periods for such structures.  

7. The openings and sliding in the specified points within the excitation duration (upstream 
and downstream nodes for block B0 and B5) are in the range as expected. Maximal values 
of the openings are less than 1 mm. 

8. The simulation of water effect by Westergard method generates higher dynamic 
amplification factor compared to the approach where water is treated as compressible fluid. 
However, additional analysis should be done by adopting various input parameters for the 
water properties. 
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ABSTRACT: The Theme C of the 14th International Benchmark Workshop on Numerical Analysis 
of Dams was on Embankment Dam behaviour with emphasis on the prediction of arching and 
cracking potential. Arching can develop in the central core of a dam. Due to the differential settlement 
between the compressible core and the stronger shoulders, the core “hangs” on the shoulders, thus 
reducing the vertical total stress near the centerline. In case of excessive arching, cracking (hydraulic 
fracture) may develop, leading to internal erosion and piping. The ability to predict the degree of 
arching is of importance in dam design. The case of Mornos, a 139m high earth dam in operation for 
nearly 40 years was selected for the case study. Mornos Dam has a central clay core and shoulders 
made of strong river gravels. The instrumentation indicates that the arching in the core is very high. 
The rather narrow core trench is suspected of contributing to the amplification of arching. The 
geometry, material properties and reservoir fluctuations were provided to the contributors that were 
asked to analyse the dam during construction, first filling and operation under a fluctuating reservoir. 
Five contributors presented analyses using a variety of computer software and material constitutive 
laws. A comparison is presented between predictions and actual instrumentation data. All contributors 
predicted arching but to a much lower degree than the actual one. Probable reasons for this under-
prediction are discussed. The overall prediction of the dam behaviour was satisfactory. 

1 Introduction  
Internal erosion in embankment dams is one of the most common problems that makes for a 
large proportion of reported dam incidents [1], [2]. One of the recognized mechanisms for the 
initiation of internal erosion is cracking due to excessive arching in dams with a central core. 
The issue has been studied extensively in the past but it has never lost its appeal as one of the 
major design considerations.  

The failures of Bilberry and Dale Dyke puddle clay core embankments in the UK in the 19th 
century, which involved heavy loss of life, was caused by internal erosion that is now 
attributed to cracking due to arching effects. At the time of failure they provoked considerable 
debate and the construction of embankment dams was modified to include slightly wider 
cores, and transition zones of compacted select finer grained fill on either side of the core. 
These transition zones were over the years transformed to the now universally adopted filters 
for protecting the core against internal erosion. 

The mechanism of cracking by hydraulic fracture (Kjaernsli & Torblaa [3], Vaughan et al. [4], 
Sherard [5]) was investigated following incidents in Norway, the U.K. and elsewhere in the 
1960’s and most notably the failure of Teton dam in USA in 1976. Hydraulic fracture occurs 
when the seepage pressure exceeds the minimum principle total stress (approximately) by an 
amount greater than the tensile strength (which is usually negligible). Cracking may lead to 
internal erosion if it is not prevented by a functional filter downstream of the crack. The 
internal erosion is the subject of a recent Bulletin by ICOLD [6]. 

The stresses in a central dam core can reduce due to "arching", in which settlement of the core 
occurs relative to the embankment shoulders. This relative settlement can occur due to lateral 
yield of the shoulders under pressure from the core, or by consolidation settlement of the core. 
Side shear then develops on the boundary between the core and shoulders, load is transferred 
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from the core to the shoulders, and the total stresses in the core are reduced. The potential 
effects of arching increase as a core becomes narrower and exacerbated with the presence of a 
core trench. This was noticed in analysing old British dams with deep narrow trenches and 
became apparent in the investigations to the failure of Teton Dam. It is surprising though to 
note that significant increase in the arching effect is caused by even the widest core trenches, 
such as those depicted in textbook typical cross sections. 

Closed form solutions have been developed for the reduction in stress in a central core due to 
arching, by assuming that all of the core is at failure. Bishop obtained a solution for the 
undrained (φ = 0) case (Bishop & Vaughan [7]). Nonveiller & Anagnosti [8] obtained a 
solution for the c, φ case. Other approximate solutions have been obtained by Blight [9] and 
Charles & Watts [10]. Numerical studies using finite element analyses have been presented by 
Kulhawy & Curtowski [11], Clough and Woodward [12], Dounias et al. [13] and others. 
These analyses show that minor principal stresses at the end of construction are usually less 
than the eventual seepage pressure which will be applied by the reservoir. In most cases 
though the total stresses are increased considerably during impoundment and hydraulic 
fracture is averted (Charles & Watts [10], Vaughan et al. [14]). The mechanism by which total 
stresses are increased during impoundment is complicated and involves water external 
pressure and swelling due to saturation. 

Cross valley arching, observed particularly in narrow valleys, will not be part of the present 
Theme. 

The above mechanisms werel investigated on the relatively well documented case of Mornos 
Dam, Greece, in operation since 1978. The Mornos is an earth dam 139 m high with central 
clay core. The core is made of alluvial clay and of weathered flysch mudrocks. The core is 
founded on the bedrock with a wide trench through the 10m deep river gravels. The shoulders 
are made of well compacted river gravels. The dam is fairly well instrumented and data exist 
for its 35 years of operation, including the reservoir fluctuations, the development of pore 
water pressure, deformations and vertical total stress. 

Numerical analyses in 2 dimensions (plane strain) were used in the Benchmark Workshop in 
order to estimate the overall stress and strain development at three phases. 

The main goal of this theme was to investigate the ability to accurately predict the 
embankment behaviour and in particular the arching potential and the risk of cracking. 
Through the presented analyses, the best practices regarding the modelling of embankment 
dams are investigated. 

Some of its basic aspects can be analysed using simple Finite Element elastoplastic 
formulations. The end of construction before impoundment can be analysed in this manner. 
More elaborate analysis is needed though in order to examine the long term effects caused by 
consolidation and reservoir level fluctuations.  

2 Information on Mornos Dam  

2.1 Description of dam and materials 
The embankment to be analysed is an earth dam with central clay core (38°31'29.03"N, 
22°07'17.39"E). The nominal crest level of the dam is 446.50 m ASL and the maximum 
height from foundation level is 139 m. The crest is curved in plan with a length of 815m and 
width of 10m.  

The central core was made of alluvial clay and of highly weathered flysch mudrocks. It is 
relatively wide with slopes 3:1 (v:h). It is protected on either side by 4m wide filters made of 
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screened river gravels. The core is founded on the bedrock with a wide trench through the 
10m deep river gravels. The shoulders are made of well compacted river gravels having 
upstream slopes of 1:2.4 (v:h) and downstream slopes of 1:2 plus berms. The embankment is 
constructed with a core trench and an inspection gallery. A typical section of the embankment 
Dam is shown in Figure 1. 

 

1. Impervious Clay Core 
2. Filter zones 
3. Shoulder material 
4. Base river gravel 

5. Bedrock 
6. Inspection / grout curtain gallery 
7. Grout curtain 

Figure 1: Typical Section of Mornos Dam. 

The dam is founded on Flysch of the Pindos Zone. The Flysch at the dam site is made of a 
succession of sandstones and siltstones, folded often broken with various degrees of 
weathering.  

In recent years, concern has been expressed regarding the evolution of the seepage through 
the dam inspection galleries as well as the allegedly high water table in the core near the right 
abutment that could lead to piping due to the observed intense arching. 

A comprehensive instrumentation system has been installed in the dam including observation 
wells and standpipes, VW piezometers, hydraulic piezometers, earth pressure cells, settlement 
plates, flow meters, surface surveying monuments, reservoir level monitors, weather stations 
and strong motion accelerometers. A typical instrumented cross section, Section 7, with the 
location of the instruments is shown in Figure 2. 

The physical properties and mechanical parameters of the main dam materials are 
summarized in the following Tables 1 and 2. It must be stressed that the mechanical 
parameters are estimates based on a limited amount of tests.  

No detailed test results were available for the estimation of other parameters needed for 
advanced constitutive models. These parameters had to be estimated by the participants.  

The simplified geometry of the dam was provided to the contributors in digital form. The 
slope protection zones, the grouting gallery and the minor embankment zones are omitted. 

For simplification it was to be assumed than the bedrock foundation is unyielding (not 
accurate since the foundation has exhibited some settlement). 
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Figure 2: Mornos Section 7 with instrument locations (Section 6 is very similar) 

 

Table 1. Physical properties of Mornos dam materials 

Material 

Particle-size distribution (mm) 

Passing (%) 
WL 

PI 
γdry γwet γsat 

0.075 5 25 75 % kN/m3 kN/m3 kN/m3 

1. Core 25-85 75-100 95-100 - 26-46 8-29 17.5 20.5 21 

2. Filters 0-5 35-50 50-70 100 N.P. - 18 19.5 21.5 

3. Shoulders 0-15 20-50 40-75 65-100 N.P. - 20.6 21.6 22.8 

4. River gravels 0-15 20-50 40-75 65-90 N.P. - 18 19.5 21.5 

 

Table 2. Mechanical parameters of Mornos dam materials 

Material 
c' φ' k K E G 

Skempton B 
coefficient  

(kN/m2) (ο) cm/sec MN/m2 MN/m2 MN/m2  

1. Core 23.5 26 10-7 18.5 30 13 0.5 

2. Filters  35 0 10-3 30 80 40 - 

3. Shoulders 0 42 10-2 75 200 100 - 

4. River gravels 0 37 10-2 45 120 60 - 
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Where: 

k: Permeability Coefficient 

K: Bulk modulus 

E: Young’s modulus 

G: Shear modulus 

 

2.2 Embankment behaviour data to the Contributors 
The embankment was constructed continuously between June 1973 and October 1976. 

First filling started in late December 1978 (the 1st of January 1979 will be assumed for the 
analysis). The filling was completed within two years approximately. Following that, the 
reservoir has undergone fluctuations as presented in the data (Fig. 3). 

Figure 3: Detailed and simplified reservoir elevation fluctuations 

 

The Contributors were given the reservoir fluctuation and the following limited amount of 
instrumentation data: 

• Maximum settlement in the core (at approximately the 3/5 of the height from 
foundation) was 180cm that mostly occurred during construction (after subtracting 
the foundation settlement). 

• Maximum differential settlement observed today between the central (core) and 
the downstream (shoulder) settlement plate columns is approximately 150cm.  

• Post construction crest settlement till 2016 is approximately 65cm 
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3 Analysis and Discussion Stages asked of the Contributors 
The Contributors were to predict the stresses and deformations and estimate the arching and 
hydraulic fracture potential. The analysis was to be divided into three (3) stages: 

Stage 1: End of construction Prediction of pwp, total stresses and construction settlements – 
Arching estimation. 

In order to compare predictions, the following graphs were to be prepared by the participants: 

• Total and effective stresses along the dam center line, plotted with the design 
maximum reservoir hydrostatic pressure. Vertical (σv), minimum (σmin) and 
average (p=[σ1+σ2+σ3]/3) stresses were tol be presented.  

• Total and effective stresses along the upstream core to shoulder inclined interface. 
Stresses as above.  

• Principle stress directions in the dam 
• Total and effective stresses along horizontal lines at the elevations where 

instruments are installed (Fig. 2 and 4). 
• Degree of arching expressed as actual over nominal vertical total stress (i.e. σv/(γz) 

along the sections 1, 2, 4 and 6 of Figure 4. 

 

Figure 4: Sections along which results will be presented 

Stage 2: After first impoundment Prediction of pore water pressures, total stresses and 
deformations – Arching estimation. 

The same data as for Stage 1 were to be prepared by the participants. 

Stage 3: After reservoir fluctuations over 35 years (simplified) Prediction of evolution of pore 
water pressures, total stresses and deformations – Arching estimation. 

The same data as for Stages 1 and 2 were to be prepared.  
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4 Participants on Theme C  
The analysis of Theme C was carried out by five participants, using different software and 
constitutive models. All participants used commercially available software employing the 
built in capabilities of each software. A summary of the participants and methods of analysis 
is presented on Tables 3 and 4. 

Table 3: Contributors and utilised software. 

Participants Country/ Institute Computer software 

Bakeš, M. & Minárik 
M.  [15] 

SLOVAKIA/VODOHOSPODARSK
A VYSTAVBA SOE 

Geostudio 2016/ GEOSLOPE 
(Finite Elements)  3477 elements 

Chugh, A. [16] USA / USBR FLAC 

Kainrath, A. & 
Tschernutter, P. [17] 

AUSTRIA / Tschernutter Consulting 
GmbH 

PLAXIS 2D 2017  
(Finite elements)  12780  15node 
triangular elements 

Mejia, L. H. & 
Hoffmann, C. C. [18] 

USA/Geosyntec Consultants - THE 
NETHERLANDS/DIANA FEA BV, 
Delft 

DIANA (Finite Elements)   

Toromanovic J. & 
Laue J. [19]  

SWEDEN / Luleå University of 
technology 

PLAXIS 2D 2016 
(Finite elements) 

 

Table 4: Constitutive models and methods of analysis. 

Participants Constitutive 
models 

Type of analysis 
Stage 1 Stage 2 Stage 3 

Bakeš, M. & 
Minárik M.  [15] 

Linear elastic 
perfectly plastic 

Coupled 
consolidation 

Uncoupled.  Assumed 
full consolidation before 
1st filling and long term 
seepage at end of 1st 
filling. Time was not 
modelled. 

Uncoupled.  
Assumed drained 
loading in all 
stages of reservoir 
fluctuations. Time 
was not modelled 

Chugh, A. [16] Linear elastic 
perfectly plastic 

Coupled 
consolidation 

Uncoupled but in small 
steps consisting of 
transient flow and 
mechanical analysis. 
Time dependent. 

Uncoupled but in 
small steps 
consisting of 
transient flow and 
mechanical 
analysis. Time 
dependent. 

Kainrath, A. & 
Tschernutter, P. 
[17] 

Hardening Mohr 
Coulomb 

Coupled 
consolidation 

Coupled consolidation Coupled 
consolidation 

Mejia, L. H. & 
Hoffmann, C. C. 
[18] 

Hardening Mohr 
Coulomb 

Coupled 
consolidation 

Uncoupled. Assumed 
full consolidation before 
1st filling and long term 
seepage at end of 1st 
filling. Time was not 
modelled. 

Uncoupled. 
Assumed drained 
loading in all 
stages of reservoir 
fluctuations. Time 
was not modelled 

Toromanovic J. 
& Laue J. [19]  

Hardening Mohr 
Coulomb 

Coupled 
consolidation 

Coupled consolidation Coupled 
consolidation 
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The basic assumptions, the constitutive models and the methods of analysis of the 
contributors are presented in their individual papers [15] to [19].  

5 Actual Dam behaviour - Instrument Readings 
The dam is fully instrumented. Unfortunately, limited measurements are available for the 
construction (Stage 1). A complete set of measurements is available from the first spilling 
(Stage 2). Also a complete set of measurements is available (except internal settlements that 
were interrupted nearly 10 years ago).for the operation period (Stage 3). 

Elements of the dam behaviour have been presented by Dounias et al. [20] in the 10th ICOLD 
European Club Symposium in Antalya in 2016.  

A plan of the Mornos Dam is presented in Figure 5. The instrumented sections 6 and 7 used 
for the present analysis are marked. Sections 6 and 7 with instrument locations are presented 
in Figure 2. 

 

 

Figure 5: Plan of Mornos Dam with Cross Section locations 

The cumulative settlements measured in the vertical columns fitted with settlement plates are 
shown in Figure 6, 10 years after start of impoundment. Settlements are presented for the 
upstream shoulder (to the right), the core centreline and the downstream shoulder. These are 
total settlements including what appears to be more than 1m of foundation settlement. There 
is some doubt regarding the accuracy of this settlement that appears excessive for the flysch 
bedrock. It might have resulted from changes in the datum reference or the general inaccuracy 
of topographical measurements. Nevertheless, of interest for the analysis is the average 
differential settlement between the shoulders and the core. Possible common errors in the total 
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settlements evaluation have been eliminated by the subtraction. This differential settlement is 
depicted with red dots. 

 

 

Figure 6: Settlements 10 years after start of impoundment (red dots for differential settlement) 

 
Settlements in the core are larger than settlements in the shoulders by approximately 140cm 
relative to downstream shoulder and 120cm relative to the upstream shoulder. The larger 
settlement of the upstream shoulder is attributed to additional settlement due to submergence 
and subsequent reservoir fluctuations. 
 
Total settlements and differential settlements increased post construction. During the first 10 
years after impoundment differential settlements increased by approximately 20cm to reach 
the values of Figure 6. 
 
The evolution of the settlements and the horizontal deflections at the crest are presented in 
Figure 7.  
 
Construction ended in October 1976 and impoundment started in December 1978. The post 
construction maximum crest settlements at the onset of impoundment was approximately 
30cm. The maximum crest settlement at the end of first impoundment in 1981 reached a 
maximum of approximately 45cm. 
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Figure 7: Settlements and horizontal deflections at the crest 

The rate of settlement was then reduced gradually and after 10 years it dropped considerably 
having reached approximately 55cm. 
 
Subsequently the rate of settlement is very small accounting presently at a few mm per year 
(2cm in the last 10 years). 
 
The present maximum crest settlement is approximately 65cm. The camber of the dam (i.e. 
the increase of the construction crest elevation to accommodate future settlements) is 1.25m. 
It will take another 300 years at the present rate of settlement to exceed the camber. 
 
The upstream part of the crest has settled approximately 10% more than the downstream part 
creating a tilting effect. This effect is caused by the increase of the upstream shoulder 
settlement due to full saturation and the cyclic loading imposed by the reservoir fluctuation. 
 
The crest deflections (horizontal movements) followed a similar pattern to the settlements. 
The maximum deflection at the crest, 10 years after first impoundment, was approximately 
22cm towards downstream.  
 
The crest maximum deflection is now approximately 28cm and the rate of movement is 
presently very small (some mm per year). The horizontal deflection is nearly half the 
settlement. 
 
This behaviour characterizes a well compacted embankment. 
 
Piezometer readings are presented for two elevations in Figures 8 and 9.  
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Figure 8: Piezometer readings at elevation +350 

Figure 9: Piezometer readings at elevation +390 

 
The pore water pressure in the upstream shoulders is always equal to the reservoir hydrostatic 
pressure. The pore water pressure in the downstream stream shoulders is always equal zero. 
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In the core at the end of construction (Stage 1) there was considerable built up of construction 
pwp, with a maximum ru of 0.5 at the deepest and central part of the core. Significant 
reduction of pwp due to consolidation was observed during the rest period between end of 
construction and first filling. 
 
During the first impoundment (Stage 2), the upstream part of the core was influenced heavily, 
particularly when construction pwp were lower that the reservoir pressure. The central part of 
the core was influenced less. The downstream part of the core was almost insensitive to the 
first filling. During the first filling, consolidation was continuing and overall pwp was 
reduced in the central and the d/s part of the core. Increase of pwp (swelling) started at the u/s 
part of the core. 
 
During operation and reservoir fluctuations (Stage 3) the upstream part of the core is 
influenced heavily following the reservoir fluctuations. The central part of the core is 
influenced less and the downstream part of the core is almost insensitive. 
 
Conditions across the core are very close to a theoretical steady state flow net. Some 
consolidation is continuing in the d/s part of the core 
 
The factors influencing pwp changes include dissipation of construction pwp due to 
consolidation, increase due to undrained loading (when reservoir is raised) or decrease due to 
undrained unloading (when reservoir is lowered). There is at the same time a tendency to 
adjust to the new “theoretical” steady state flow net every time the reservoir water level 
changes considerably for a prolonged period of time. Nearly 40 years after construction, some 
adjustments due to consolidation and swelling are continuing in the core 
 
The long term development of PWP in the core is a sign of good and safe behaviour. 
 
The development of vertical total earth pressures is presented in Figures 10 and 11. 
 

 

Figure 10: Vertical earth pressures at elevation +365  
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Figure 11: Vertical earth pressures at elevation +400 

 
The vertical total earth pressures are measured through plate cells positioned horizontally in 
the core and shoulders. Embankment pressure cells are not considered in general very 
accurate. General experience shows that they underestimate pressures. In the case of Mornos 
Dam there is indication that they are fairly accurate since they depicted correctly overburden 
pressure in “one dimensional” loading cases. 
 
The total vertical stresses developed during construction (Stage 1) show a great reduction in 
the core, indication of considerable arching. During the rest period there very were small 
changes.   
 
During the first impoundment (Stage 2), the upstream shoulders and the upstream part of the 
core exhibited increase in the measured total vertical stresses. The central part of the core was 
influenced very little and the downstream part of the core was almost insensitive to the first 
filling. This picture is similar to the response of the pore water pressure. 
 
During operation and reservoir fluctuations (Stage 3) the upstream shoulder is influenced 
heavily and immediately following the reservoir fluctuations (see Cells 13 and 23 in the 
shoulder and Cell 24 in the filter). The upstream part of the core is also influenced by large 
reservoir changes (see Cells 14 and 26) although with some delay and in a less pronounce 
manner. The central part of the core is influenced less (see Cells 15 and 27) and the 
downstream part of the core is almost insensitive (see Cells 16 and 29). The downstream 
shoulder is not influenced by reservoir fluctuations (see Cells 17, 31 and 32). 
 
The measurements show considerable variation for similar locations, an indication that local 
placement conditions are important. Nevertheless, a clear picture as to the overall behaviour is 
formed. 
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In order to investigate the divergence from the theoretical overburden pressure, contours of 
the theoretical and measured values are presented in Figures 12 and 13. 
 

 

Figure 12: Section 6, Vertical total earth pressures, Reservoir Level +396.563m (09/2008) 

 
Some distance from the core, the measured total vertical stresses agree well with the 
theoretical overburden pressure. In the central part of the core there is a considerable 
reduction from the theoretical overburden. Near the edges of the drawings contours are not 
accurate due to lack of measurement points. 
 
The measurements show development of considerable arching in the core. The arching was 
decreased somehow over the years. The detailed examination of total earth pressures, pore 
water pressures and their changes with the reservoir level showed that the core is safe against 
hydraulic fracture and piping. The vertical total stresses are increasing with the raising of the 
reservoir level in a way similar to that of the piezometers, thus decreasing further the risk of 
hydraulic fracture [13].  
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Figure 13: Section 6, Vertical total earth pressures, Reservoir Level +425.9m (08/2014) 
 

6 Results of the analyses  
For the presentation of the results, each of the five participants was assigned a letter from A to 
E in random order.  
 
In the following chapter some typical analysis results are presented and compared with 
measurements. The detailed analysis results are presented in the individual papers [15] to 
[19].  
 
Results are presented and compared for settlements, pore water pressures and total stresses for 
the three analysis stages. 
 

6.1 Predictions on settlements 
The predictions of the participants and the measurements are presented in Table 5. 
 
For Stage 1 all analyses reproduced to a degree the big differential settlements during 
construction between core and shoulders. Even the simple elastic – perfectly plastic 
constitutive models can reproduce the basic behaviour 
 
For Stages 2 and 3, post construction settlements are difficult to predict accurately with the 
simple constitutive models used in the analyses. Apart from consolidation, collapse 
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settlements, the cyclic reservoir loading and creep contribute to the long term settlements. The 
predictions nevertheless are fairly accurate but they cannot be classified as Class A since the 
settlements were supplied to the participants.  

Table 4: Predictions of settlements. 

 
Prediction of settlements, cm 

Measurements, cm 
A B C D E 

Stage 1 
End of Construction       

Maximum in core appr. 160 175 180 170 
 

170 

Relative core to shoulders  appr. 75 110 120 110 
 

140 

      
Stage 2 
End of impoundment       

Maximum in core appr. 185 175 250 160 
  

Relative core to shoulders  appr. 100 115 200 120 
  

Crest Post construction - - - - 
 

45 

      
Stage 3 
End of operation period       

Maximum in core 208 180 250 160 
 

appr. 180 

Relative core to shoulders  appr. 100 130 200 120 
 

appr. 150 

Crest Post construction 69 35 - - 
 

65 
 

6.2 Predictions on pore water pressure 
The prediction of the pore water pressure on the core centerline is presented in Figures 14 to 
16 for the three analysis stages. 
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Figure 14: Stage 1-End of Construction, Pore water pressure predicted at core centreline  

 

 

Figure 15: Stage 2-End of Impoundment, Pore water pressure predicted at core centreline  
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Figure 16: Stage 3-End of Operation, Pore water pressure predicted at core centreline 

 
The predictions along two horizontal sections, one at elevation +350 (3) and one in elevation 
+390 (5) are presented in Figures 17 to 20 for the end of impoundment (Stages 2) and the end 
of operation period (Stage 3).  
 

 

Figure 17: Stage 2 – End of impoundment, Pore water pressure at Elevation +350 (3) 
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Figure 18: Stage 2 – End of impoundment, Pore water pressure at Elevation +390 (5) 

 

 

Figure 19: Stage 3 – End of operation, Pore water pressure at Elevation +350 (3) 
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Figure 20: Stage 3 – End of operation, Pore water pressure at Elevation +390 (4) 

 
The results show a very large variation of predictions in all stages and particularly Stages 2 
and 3. Some results come close to the actual measurements, mainly because they assumed 
long term seepage conditions, but the large discrepancy in predictions is rather alarming, an 
indication that considerable scepticism should be exercised when viewing any single 
numerical analysis.  

6.3 Predictions on vertical total stresses and arching potential 
The prediction of vertical total stresses are presented in Figures 21 to 31 for all stages of 
analysis.  
 
For Stage 1 all analyses came very close and all predicted some arching in the core. The 
degree of predicted arching is small compared to the measurements. 
 
For Stage 2 the prediction results started diverging (with the exception of the centre of the 
core) and considerable scatter is noticed. The predictions at the core boundaries are fairly 
reasonable but in the centre of the core they are considerably higher than the measurements.  
 
A similar picture is observed for Stage 3.  
 
Where analyses failed is in the prediction of the shape of the stress reduction in the core. 
Measurements and experience from other projects show that the lowest stresses are observed 
in the middle of the core. All predictions show that the minimum stresses are observed just 
inside the core boundaries but then total stresses increase towards the centre of the core.  
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Figure 21: Stage 1 – End of Construction – Vertical total stress at core centerline 

 

 

Figure 22: Stage 2 – End of Impoundment – Vertical total stress at core centerline 
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Figure 23: Stage 3 – End of Operation – Vertical total stress at core centerline 

 

Figure 24: Stage 1 – End of Construction – Vertical total stress at elevation +365(4) 
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Figure 25: Stage 2 – End of Impoundment – Vertical total stress at elevation +365(4) 

 

 

Figure 26: Stage 3 – End of Operation – Vertical total stress at elevation +365(4) 
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Figure 27: Stage 1 – End of Construction – Vertical total stress at elevation +400(6) 

 

 

Figure 28: Stage 2 – End of Impoundment – Vertical total stress at elevation +400(6) 
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Figure 29: Stage 3 – End of Operation – Vertical total stress at elevation +400(6) 

 

7 Discussion and recommendations 
The analyses performed have demonstrated the ability of numerical investigations to predict 
the mechanism of stress reduction in the core. They also predicted the increase of total stress 
in the u/s part of the core during impounding. 
 
Good agreement in stress predictions during construction was achieved with the different 
software and constitutive models employed. For the impoundment and subsequent reservoir 
operation there was considerable scatter in the results. The scatter was more pronounced in 
the pore water pressure predictions.  
 
Two participants used fully coupled consolidation for all stages and therefore attempted to 
fully predict the pwp development during impoundment and long term operation. The other 
participants prescribed the pwp following seepage analysis and proceeded with the 
mechanical analysis in steps. Both approaches are reasonable for design with the latter being 
more manageable. It is unfortunate that the results show such scatter, putting into question the 
results of any singe analysis. 
 
The long term conditions (Stage 3) indicate the establishment of a flow net in the core, shown 
by the piezometer readings. Some analyses assumed just that and their “prediction” comes 
close to the measurements. No analysis managed to predict the long term condition using 
fully coupled procedures. 
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The analyses predicted arching considerably lower than that measured (this is most probably 
due to the provided simple and unique for the whole core height soil parameters). None of the 
analyses predicted the shape of the measured vertical stress distribution across the core. 
 
The probable reasons for the under-prediction of the arching are many. Most importantly, the 
material properties assumed and supplied to the participants might be inaccurate. The 
probable use of more compressible material in the lower parts of core (particularly in the 
trench) could have contributed to the increased arching. There is indication of large pwp built 
up at the lower parts of the core, indication of more compressible material. Finally there might 
be an error due to the inadequate modelling of the core material with the commercially 
available codes.  
 
Existing commercial software can perform fairly good modelling that predicts the basic 
behaviour trends and mechanisms. Care should be exercised in the application for design and 
the recommendations of the previous two bulletins on the application of numerical methods 
should be followed. We should know the limitations of the software and the added 
complication of variable material properties and construction methods. 
 
Further work is needed with more simple problems in order to consolidate the existing state of 
the art and make it adequate for most applications. More benchmark workshops will help. 
 
There is need to generalise the application of more sophisticated constitutive models and 
apply fully coupled analysis for all stages of construction and operation. More accurate and 
robust solutions are needed. 
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Numerical Simulation of Mornos Dam, Greece 
Ashok K. Chugh

U.S. Bureau of Reclamation, Denver, Colorado, USA 

E-mail: achugh@usbr.gov

ABSTRACT: A continuum-mechanics-based numerical analysis procedure is presented to simulate 
construction of a zoned earth dam, first impoundment, and operations of the reservoir. The proposed 
procedure accounts for the effects of (a) construction pore water pressures during staged construction 
phase, (b) advances in seepage front and pore water pressure increases during first impoundment phase, 
and (c) changes in seepage front and pore water pressures during reservoir operations phase, on the 
deformations and stresses in the dam. The fluid-mechanical interaction analysis is performed in a 
sequential order: first for fluid flow, and then for mechanical equilibrium. Actual time is used in the 
fluid flow analysis; however, the mechanical equilibrium analysis is time-independent. The procedure 
is used to analyse Mornos Dam located near the city of Athens in Greece. Mornos is an instrumented 
zoned earth dam with multiple arrays of settlement plates, earth pressure cells, and vibrating wire 
piezometers. Initial comparisons between computed and measured maximum settlements over the life 
of the dam to-date are included. An interpretation of the analysis results for arching and cracking 
potential for Mornos Dam is also included.  

1 Introduction 

The work reported in this paper was motivated by our long-standing interest in numerical 
evaluations of zoned earth dams for assessing arching due to differential settlements between 
the relatively compressible core and incompressible shell (also called shoulder) materials which 
in turn can lead to regions in the core with reduced stresses and vulnerable to hydraulic 
fracturing. Theme C in the 14th International Benchmark Workshop on Numerical Analysis of 
Dams [1] provided the impetus to develop a numerical solution scheme to perform seepage and 
deformation analyses in a sequential order. The solution scheme was implemented in a 
continuum-mechanics-based computer program FLAC [2] and used for the analysis of Mornos 
Dam, Figure 1 [3]. The dam is well instrumented with (a) vibrating wire piezometers, (b) earth 
pressure cells, and (c) settlement plates, Figure 1(right). The instrumented data cover periods 
of dam construction, first impoundment, and 35 years of reservoir operations. Thus, this case 
study has all the field data necessary to check the merits of the proposed numerical analysis 
scheme by comparing the computed results with the measured performance of a fully functional 
dam under actual reservoir operations conditions. Details of the solution procedure and the 
results of analysis of Mornos Dam are described next.  

Figure 1: Mornos Dam - aerial view (left); instrumentation layout (right). 
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2 Solution procedure 
In the proposed solution procedure, construction of the dam, first impoundment, and operations 
of the reservoir are modelled in three separate analyses – the first analysis is for construction 
phase (phase 1), the second analysis is for the first impoundment phase (phase 2), and the third 
analysis is for the reservoir operations phase (phase 3). The results at the end-of-phase 1 analysis 
are used as the initial conditions for the phase 2 analysis. Similarly, the results at the end-of-
phase 2 analysis are used as the initial conditions for the phase 3 analysis. In each analysis, the 
activity involved is considered as being incremental; i.e. placement of fill-materials is in layers; 
filling of the reservoir is in increments (successive-changes-in-elevation); drawdowns and re-
fillings of reservoir are also in increments. In each of the three phases, a mechanical analysis 
and a seepage analysis is performed in sequential order. Furthermore, a mechanical analysis and 
a seepage analysis is performed for every increment in staged construction, reservoir filling, 
and reservoir drawdown. Specifically, the sequence of steps in analysis for each phase are: 
 
1.  Phase 1 analysis – (a) create layer 1 to its desired configuration → assign mechanical material 
properties → perform mechanical equilibrium analysis → assign hydraulic properties → define 
construction pore water pressure → perform transient seepage analysis for desired duration;  
(b) add layer 2 to its desired configuration and repeat the sequence of steps as for layer 1;  
(c) repeat (b) for layer 3 … N, where N is the total number of layers needed to reach the dam 
crest; (d) perform mechanical equilibrium analysis → save the results (end-of-construction) → 
proceed to phase 2 analysis. 
 
2.  Phase 2 analysis – (e) create water in the reservoir to desired elevation 1 → apply hydraulic 
loads to the dam → perform transient seepage analysis for desired duration → perform 
mechanical equilibrium analysis; (f) raise water in the reservoir to desired elevation 2, update 
the hydraulic loads on the dam, and repeat the sequence of steps as for elevation 1; (g) repeat 
(f) for elevations 3 …. RWL where RWL is the desired maximum reservoir water level (RWL); 
(h) save the results (end-of-first-impoundment) → proceed to phase 3 analysis.  
 
3.  Phase 3 analysis – for steady RWL, divide the duration into smaller increments of time, and 
at the start of increment 1, (i) perform transient seepage analysis for the duration of increment 
1 → perform mechanical equilibrium analysis; (j) repeat (i) for increment 2 …. T, where  
T represents the total duration of steady RWL.  For reservoir drawdown and re-filling, the rate 
at which they occur is reflected in the duration of transient seepage analysis and the new RWL 
reached. For each stage of RWL, update the hydraulic loads on the dam and follow steps (i) and 
(j).  Save the results (end-of-reservoir-operations). 
 
Process the results for the phase 1, 2, and 3 as needed. It should be noted that actual time is used 
in transient seepage analysis; the mechanical analysis is time-independent.   
  
Implementation: The solution procedure was implemented in FLAC and used for analysis of 
Mornos Dam; details of the implementation can be obtained from the author on request.   

3 Numerical model details for Mornos Dam  
Figure 2(a) shows the numerical model used in analysis of the dam cross section selected for 
the benchmark problem [1]. The model is 800 m wide × 139 m high and is discretized into  
320 × 56 zones – each zone is roughly 2.5 m square. The dam cross section is referenced in the 
x-y plane with the origin of the coordinate system at the intersection of dam centerline and the 
top of the bedrock (El. 307.5 m). Figure 2(b) shows the discretization and boundary conditions   
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Figure 2: Numerical model of Mornos Dam cross section under study: (a) Model details;  

(b) Locations for the display of computed results. 

 
used for the mechanical and hydraulic analyses; heavy lines shown are the locations where 
analysis results are of interest. 
 
Material properties used for the mechanical and hydraulic analyses are shown in Table 1 [1]. 
All materials are assumed to be homogeneous and isotropic; constitutive model for the soils is 
assumed to be elastic-perfectly plastic with a Mohr-Coulomb yield criterion and a non-
associative (dilation angle, ψ = 0) flow rule; the reinforced concrete for the inspection/grout 
gallery is assumed to be linearly elastic. Fluid-flow model follows Darcy’s law. Soil 
permeability for each zone is assumed to be the same in x and y directions, i.e. kx = ky, and kxy 
= 0.  The porosity (n) and initial saturation (s) values for each zone material were calculated 
from the unit weights.  Construction pore water pressures were calculated using B × vertical 
stress, where B is Skempton B coefficient. The initial unit weight (γwet) values are adjusted 
during analysis based on porosity and level of saturation.    

 
Construction of the dam was modelled in fifty-six 2.5-m thick layers; first impoundment in 
forty-six 2.5-m increments, increment 1 sustained for 10 days, all others for 16 days each (for 
a total of 2-years); and for the reservoir operations: steady RWL was modelled for its duration; 
drawdowns and refilling were in 2.5-m increments, the number of increments and duration for 
each increment varied depending on the change in RWL and the duration of time over which 
the change had occurred.  Construction phase involved mechanical solution after placement of 
each layer (construction schedule for the dam was not available to perform transient seepage 
solution); the first impoundment phase involved transient seepage and mechanical solutions 
after each change in RWL; reservoir operations phase involved mechanical solutions for steady 
RWL and a combination of transient seepage and mechanical solutions for each change in RWL 
– the suspension of mechanical solution during steady RWL was for expedience.  The flow and 
mechanical solutions at each stage were for the complete model at that stage.   
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Table 1: Parameters of Mornos Dam materials. 

Zone γdry γwet γsat WL c' φ' K G k B kN/m3 kN/m3 kN/m3 % kN/m2 ⁰ MN/m2 MN/m2 cm/sec 
Core 17.5 20.5 21.0 26-46 23.5 26.0 18.5 13.0 10-7 0.5 
Filters 18.0 19.5 21.5 N.P. 0 35.0 30.0 40.0 10-3 - 
Shoulders 20.6 21.6 22.8 N.P. 0 42.0 75.0 100.0 10-2 - 
River 
gravels 18.0 19.5 21.5 N.P. 0 37.0 45.0 60.0 10-2 - 
Concrete - 23.5 - - - - 1.6×104 1.4×104 10-7 - 

γ: unit weight; WL: moisture content; c: cohesion; φ: angle of internal friction; K: bulk modulus; 

G: shear modulus; k: permeability coefficient; B: Skempton B coefficient; N.P.: non-plastic; - 
not applicable. 
 

4 Computed results  
Computed results for the end-of- construction, first impoundment, and 35 years of reservoir 
operations are of interest.  Items-of-interest include: settlements, pore water pressures, total and 
effective stresses, principal stress directions, and degrees of arching. Locations for the items of 
interest include: sections 2 – 7; upstream (u/s), centerline (c/l), and downstream (d/s) settlement 
plates’ array columns; and u/s core to shoulder inclined interface – these locations are shown 
with heavy lines on Figure 2(b). Figure 3 shows the computed results along the u/s, c/l, d/s, and 
inclined interface locations. Figure 4 shows the computed results along sections 2 – 7 locations.  
Settlements and compression stresses are presented as negative values; positive displacement 
implies uplift and positive stress implies tension. Figure 5 shows plots of computed principal 
stress directions and spread of plasticity in the model. All figures are annotated to be self-
explanatory; location of each plot is identified as 7-1, 7-2, 7-3, IF or by elevation as shown in 
Figure 2(b); and one of the following symbols is used to identify the plotted item: 

pwp:  pore water pressure 
Syy:    vertical stress 
V:      settlement 
σ3:     minimum principal stress 
σa:     average principal stress 
ʹ :       designation for effective stress 
γz:     nominal vertical stress; γ = γwet, z is depth from the dam crest – elevation 446.5 m 

Comparisons with the announced settlements [1]: Table 2 shows the comparison of 
computed settlements with their measured counterparts. These comparisons are considered 
‘good’ and suggestive of favourable overall comparisons for other items included in the items-
of-interest list.   
 

Table 2: Comparison of computed versus measured settlements to-date. 

Location Settlement: cm  
Computed Measured 

Maximum settlement in core at elevation 390.9 m*  208 180 
Maximum differential settlement between c/l and d/s columns  148 150 
Post construction crest settlement 69 65 

*Elevation 390.9 m corresponds to 3/5th of the height from foundation. 
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Figure 3: Computed results along sections 7-1 to 7-3 and IF for the end of  

construction, first impoundment, and 35 years of reservoir operations:  
(a) Total stress; (b) Effective stress; (c) Settlement; (d) Pore water pressure. 
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Figure 4: Computed results along sections 2 to 7 for the end of construction,  

first impoundment, and 35 years of reservoir operations: (a) Total stress. 
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Figure 4 (continued): (b) Effective stress.  
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Figure 4 (continued): (c) Settlement; pore water pressure; and degree of arching;  
(d) Degree of arching along section 7-2 and IF; (e) Pore water pressure along IF. 
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Figure 5: Computed stress state in the numerical model for the end of construction,  

first impoundment, and 35 years of reservoir operations:  
(a) Principal stress tensors (total stress in the x-y plane); (b) Plastic yield stress state. 

 

5 Discussion of results 
1.  Computed patterns of the post-construction (first impoundment and 35-year operations) 
response of the dam are essentially identical to the patterns of the dam response at the end-of-
construction – magnitudes vary; see Figures 3 and 4.   
 
2. During the construction phase, the core and shell zones experience extensive plastic yielding; 
re-distribution of stresses during impoundment and reservoir operations result in more 
favourable stress conditions in the dam. No tension zones develop in the dam cross section; see 
Figure 5(b).  
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3. At the end-of-operations phase, the lowest value of Syy/(γz) ratio (degree of arching) in the 
core along the inclined interface between the u/s core and shoulder (which can be of potential 
concern going forward) is about 0.63 and occurs near elevation 390 m; it is about 0.75 along 
the dam centerline from elevation 320 to 420 m; see Figure 4(d). However, along each of the 
two locations, total stresses (Syy, σ3, and σa) are higher (more compressive) than the hydrostatic 
water pressure; see Figure 3(a). This is taken to imply little or no likelihood of occurrence of 
crack initiation from hydraulic fracturing due to reservoir water pressure. This item needs more 
elaboration than possible here due to space limitations on the paper length. 
 
4. It should be noted that in Figure 4(c), the plots for degree of arching (Syy/γz) show a constant 

value of 1.0 outside the dam core – it was done intentionally in order to show the variations in 
degree of arching through the core region of the dam.   
 

6 Conclusions 
1.  The computed settlements compare well with their measured counterparts (Table 2). This is 
a limited comparison based on three observation extremes from the measured data. Additional 
comparisons between the computed results and measured data will be made, [1], during the  
14th International Benchmark Workshop on Numerical Analysis of Dams in September, 2017. 
 
2.  It is essential to start the analysis with the construction phase and then continue with the 
impoundment, and reservoir operations phase.  The computed results and measured data for the 
Mornos Dam validate the importance of simulating all three phases in a numerical analysis. 
  
3.  The proposed procedure is simple, effective and efficient. It follows the actual field 
conditions closely. The input parameters required are the ones commonly used in engineering 
practice, and no new learning is required on the part of an engineer interested in using the 
procedure. For Mornos Dam, it took about 3-days of computer time to complete the analyses 
for this paper. 
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ABSTRACT: Hydrofracturing of the impervious core is a common concern in the design of high, 

zoned embankment dams because it could lead to internal erosion and piping. Accurate estimates of 

stresses and deformations are necessary to reliably evaluate the potential for hydrofracturing in earth-

core rockfills and other types of embankment dams. This paper presents a prediction of the stresses 

and deformations in the Mornos Dam (Greece) using the computer program DIANA, as a contribution 

to a workshop organized by the ICOLD Committee on Computational Aspects of Analysis and Design 

of Dams aimed at examining the ability of current methods to estimate stresses and deformations in 

embankment dams. The paper presents a description of the methodology employed, the analysis 

models, and the analysis results. 

1 Introduction 

Hydrofracturing of the impervious core is a common concern in the design of high, zoned 

embankment dams because it might lead to internal erosion and piping. Arching in central 

cores of zoned dams decreases the effective stresses in the core and can lead to 

hydrofracturing if the pore water pressure of transient seepage flow exceeds the total minor 

principal stress by an amount greater than the tensile strength of the soil (which is typically 

negligible). Accurate estimates of stresses and deformations are necessary to reliably evaluate 

the potential for hydrofracturing in earth-core rockfills and other types of embankment dams.  

 

To investigate the mechanisms of arching and stress reduction in the cores of zoned 

embankment dams and the ability of currently available analysis procedures to estimate 

stresses in embankment dams, the ICOLD Committee on Computational Aspects of Analysis 

and Design of Dams convened a workshop to examine blind predictions of the observed 

behavior of Mornos Dam (Greece). This paper presents a prediction of the stresses and 

deformations in the dam during construction, reservoir filling, and long-term operation, using 

the computer program DIANA [1] as a contribution to the workshop. The paper presents a 

description of the methodology employed, the analysis models, and the analysis results in 

accordance with the workshop brief [2]. 

2 Description of Mornos Dam 

Mornos Dam is a 139-m-high, 815-m-long, gravel fill dam with a central impervious core, 

located on the Mornos River about 220 km northwest of Athens, Greece. The crest of the dam 

curves slightly upstream, is 10 m wide, and provides an 11.5-m freeboard above the 

maximum storage reservoir level. The upstream and downstream slopes have average 

inclinations of about 2.5:1 (H:V) and 2:1, respectively. The core is flanked upstream and 

downstream by 4-m-wide filter zones, which are supported by the dam shoulders. Over the 

river streambed, the shoulders are founded on gravelly alluvium up to 10 m thick. They are 

founded on bedrock over the abutments. The core is founded on rock, within a cutoff trench 

excavated through the alluvium. Figure 1 shows a cross-section of the dam along the 

streambed.  
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Figure 1: Cross-section of Mornos Dam [2] 

 

The dam shoulders consist of well compacted river gravels, whereas the core is made of 

compacted alluvial clay and highly weathered flysch mudrock. The filters consist of screened 

river gravels. The foundation bedrock is sedimentary rock, Flysch of the Pindos Zone. It 

consists of a folded sequence of sandstones and siltstones, of varying degrees of weathering. 

 

Construction of the dam began in 1973 and the embankment was topped off in early 1977 [3].  

The shoulders were constructed of the alluvial sandy gravels found in the valley floor. They 

were placed in 0.5-m-thick lifts at a moisture content of about 5% and were heavily 

compacted with smooth vibratory rollers. The filters were also placed in 0.5-m-thick lifts at a 

moisture content of about 8% and compacted by 4 passes of a 10.5-ton smooth roller without 

vibration. The core materials were spread in 20-cm-thick lifts, and compacted with a 

combination of pneumatic-tire rollers and sheepsfoot rollers. Their placement water content 

was close to the laboratory Standard Proctor optimum, around 17%. A higher water content 

(optimum + 4%) was used for the first few meters of the core above the bedrock foundation 

[2]. 

 

First filling of the reservoir began in late December 1978 and was completed within about two 

years. The reservoir has operated without incident since filling, although concerns have been 

expressed in recent years over the evolution of seepage into the dam inspection gallery and 

over a high phreatic surface within the core near the right abutment [2]. The fluctuation in 

reservoir elevation since 1981 and the idealized fluctuation used for analysis are shown in 

Figure 2. 

 

The dam is well instrumented with observations wells and standpipe piezometers, vibrating 

wire piezometers, hydraulic piezometers, earth pressure cells, settlement plates, flow meters, 

surface survey monuments, and strong motion accelerometers [2].  

3 Material Characterization 

A description of the embankment and foundation materials and of their index and mechanical 

properties is provided below. The workshop brief [2] provided values of material density (dry, 

moist, and saturated) and permeability, and of Mohr-Coulomb strength parameters and elastic 
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stiffness constants for analysis of the dam. The latter parameters are namely: the effective 

cohesion and friction angle, and the bulk, Young’s, and shear moduli of the materials.  

 

 
 

Figure 2: Actual and idealized reservoir level fluctuation [2] 

  

The material engineering properties provided in the workshop brief are summarized in Table 

1. The gradations of the materials are shown in Figure 3. The brief indicates that the strength 

and stiffness parameters are estimates based on a limited number of tests, but the basic data 

was not provided. It appears that some of the parameters may have been estimated from the 

dam’s measured behavior. The brief did not provide properties for the foundation rock, so 

those values were estimated based on published information [3]. 

Table 1: Engineering properties of embankment and foundation materials 

Material 

Dry Unit 

Weight 

Moist 

Unit 

Weight 

Cohesion 
Friction 

Angle 

Hydraulic 

Conduct. 

Bulk 

Modulus 

Young’s 

Modulus 

Shear 

Modulus 

γdry γmoist c’ φ' k K E G 

kN/m
3 

kN/m
3
 kPa (°) cm/sec MPa MPa MPa 

Core 17.5 20.5 23.5 26 10
-7 

18.5 30 13 

Filters 18 19.5 0 35 10
-3 

30 80 40 

Shoulders 20.6 21.6 0 42 10
-2 

75 200 100 

River gravel 18 19.5 0 37 10
-2 

45 120 60 

Bedrock - 22 350 45 - 330 500 200 
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Figure 3: Particle-size distributions of embankment materials and alluvial gravels 

Descriptions of the embankment and foundation materials and of their general engineering 

index characteristics are provided below. These descriptions are based on the information 

presented in the workshop brief [2]. 

3.1 Embankment Materials 

Core. The core materials are medium plasticity sandy clay and clayey sand of alluvial origin 

and a product of weathering of mudstones in the flysch formations of the region. They have 

an average specific gravity of 2.65, a plasticity index ranging between 8 and 29, and liquid 

limits varying between 26 and 46. The workshop brief provided an estimate of 0.5 for the 

Skempton B-coefficient of the material. 

 

Filters. The filter materials are sandy gravels screened from the valley alluvial gravels. They 

have a specific gravity of 2.7, a maximum size of 75 mm and, on the average, less than 5% 

fines smaller than 0.075 mm (Figure 3).  

 

Shoulders. The shoulder materials are sandy gravels of sandstone and limestone origin with 

an approximate specific gravity of 2.7 and an unconfined compressive strength greater than 

50 MPa. The sandstone contains a significant percentage of calcium carbonate. The materials 

have less than 10% soil finer than 0.075 mm and an estimated maximum size of about 200 

mm.  

3.2 Foundation Materials 

River Gravels. As the source for the shoulder materials, the alluvial gravels have nearly 

identical index and gradation characteristics as the shoulder materials, except perhaps for a 

larger maximum particle size (Figure 3).  

 

Bedrock. Little information was provided in the brief for the foundation bedrock, other than 

its geologic origin. 

4 Analysis Methodology 

4.1 General Formulation 

Analyses were performed for the three stages of the dam’s life, namely: construction, 

reservoir filling, and long-term operation from 1981 through 2016. For each stage, the 

analysis results are presented in terms of the calculated stresses and deformations at the end of 

the stage, in the format required by the workshop brief.   
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The non-linear finite element (FE) formulation coded in the computer program DIANA [1] 

was used for the analysis. DIANA is a general, multipurpose FE program for mechanical 

analysis of structural, geotechnical, and fluid flow problems in two- and three-dimensional 

environments. The program offers a broad range of built-in linear and nonlinear elasticity- 

and plasticity-based material constitutive models. 

 

As prescribed in the brief, the dam geometry was approximated with a two-dimensional, 

plane-strain FE model of the dam’s section shown in Figure 1. Based on the aerial view 

shown in Figure 4, this section appears to represent a segment of the dam near its midpoint, 

but may not be fully orthogonal to the dam axis. The FE mesh used in the analyses is shown 

in Figure 5. 

4.2 Constitutive Models 

Two constitutive models built into DIANA were used to simulate the mechanical, non-linear, 

stress-strain behavior of the embankment and foundation alluvial materials, namely: The 

Mohr-Coulomb (MC) model and the Modified Mohr-Coulomb (MMC) model. These models 

and their key parameters are briefly described below. A more in-depth description of the 

models is presented in the DIANA user’s manual [1]. A linear elastic isotropic model was 

used for the foundation bedrock. This model is well known and commonly understood and, 

therefore, is not described further. 

 

 
 

Figure 4: Aerial view of Mornos Dam 

 

 
 

Figure 5: Finite element mesh for analysis of Mornos Dam 

 

The available mechanical properties (Table 1) were deemed to best fit the MMC and MC 

models, and these were used as the primary models to represent the stress-strain behavior of 

the embankment and foundation materials.  

 

438



Mohr-Coulomb. This model consists of the classic Mohr-Coulomb pressure-dependent shear 

yield surface. Linear elastic stress-strain behavior, as defined by the elastic constants, is 

assumed for stress states inside the yield surface. Perfectly plastic behavior is assumed in 

shear at the yield surface, as defined by the shear strength parameters. The key parameters of 

this model are the elastic stiffness constants and the shear strength parameters. This model 

was used for the river gravels in the foundation alluvium. 

 

Modified Mohr-Coulomb. This model is a modification of the classic Mohr-Coulomb model 

with a hardening cap for compression loading. The model also allows for a smooth shear yield 

surface and dilatancy, and offers optional hardening and softening of the yield surface. For the 

analyses, perfectly plastic behavior was assumed in shear at the yield surface, as defined by 

the shear strength parameters. Hardening behavior is assumed at the cap for compression 

loading. The key parameters of this model are the elastic stiffness constants and the shear 

strength parameters, and the dilatancy and hardening parameters. This model was used for the 

embankment materials. 

 

4.3 Analysis Implementation 

The analysis was implemented using: a) a basic simulation process for each analysis stage, b) 

the MMC and MC stress-strain models for the embankment and foundation alluvial materials, 

and c) the material characterization and parameters provided in the brief (Table 1). The 

overall results of the analysis are discussed below. Details of the analysis results are available 

in a spreadsheet prepared for submittal to the workshop. 

5 Analysis Results 

5.1 Dam Construction 

Simulation Process. Construction of the dam was simulated in 17 steps. Each step consisted 

of placing a layer of the FE model, starting with the foundation layer of river gravels and the 

backfilled core trench. Figure 6 shows the FE model layers selected to simulate the 

construction process.  

 

 
 

Figure 6: Model layers used to simulate dam construction 

 

Placement of a layer consists of activating the elements and initializing the stresses in the 

layer. The vertical stress is initialized to equal the self-weight of the layer, whereas the 

horizontal stress is made equal to the vertical stress times the coefficient of at-rest pressure, 

Ko. In addition, a pre-consolidation stress of 150 kPa is assigned to the layer being placed. 

This process installs a pre-consolidation stress and defines the location of the volumetric 

compression cap of the constitutive model (MMC) for the new layer. Once the stresses in the 

new layer are initialized, the FE model, including previously placed layers, is analyzed to 

establish equilibrium. This process is repeated sequentially for all layers in the model. 
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Undrained loading is assumed in the core and pore pressure is generated based on volumetric 

compression of the core material. Installation of the pre-consolidation stress induces negative 

pore pressure (suction) in each new layer, but the pore pressure eventually increases as the 

materials are further compressed under the accumulating weight of overlying layers. The bulk 

modulus of the fluid in the soil pore space (water plus air) is adjusted such that the 

compression-induced pore pressure corresponds approximately to the Skempton B-coefficient 

prescribed in the brief. 

 

Analysis Results. The results of the analysis at the end of construction, upon topping off the 

embankment, are presented in terms of calculated stresses and deformations. Figure 7 shows 

the calculated vertical total stresses throughout the embankment, whereas Figure 8 shows the 

calculated vertical effective stresses. In all similar figures, negative values denote 

compressive stress and positive values correspond to tensile stress.  

 

At any elevation, the vertical total stresses in the core are significantly lower than in the filters 

and adjacent zones of the shoulders at the same elevation. The calculated stress pattern 

presents a discontinuity in vertical stresses from the shoulders to the core, and results from a 

tendency for stress redistribution and arching of the core between the shoulders. 

 

In the shoulders, the total stresses are the same as the effective stresses. However, in the core, 

the effective stresses are lower than the total stresses by the calculated pore pressures, which 

approximately correspond to the specified Skempton B-value for the core materials. 

 

 
Figure 7: Calculated vertical total stresses at end of construction 

 

 
Figure 8: Calculated vertical effective stresses at end of construction 

 

Figure 9 shows the calculated vertical displacements throughout the model. The 

displacements are relative to the initial placement of the embankment layers, and are those 

that would be measured with settlement plates in the dam. The displacements are tracked by 

activating the new nodes in each layer (with zero initial nodal displacement) as the layer is 

placed. The largest vertical displacements, about 5 m, are calculated in the core, about one-

half of the dam height above the foundation. The vertical displacements at the same height in 

the upstream and downstream shoulders, adjacent to the core, are about 3.5 m. The calculated 

displacements are much larger than those measured at the dam to date [2]. The reasons for the 
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calculated discrepancy are being investigated, but are most likely associated with the cap 

parameters assumed for the MMC model. 

 

 
Figure 9: Calculated vertical displacements at the end of construction 

5.2 Reservoir Filling 

Simulation Process. Reservoir filling was simulated in a nearly continuous process of increase 

in reservoir level, from the phreatic level in the alluvium to the maximum reservoir storage. 

Filling of the reservoir drives saturation of the upstream shoulder and core, with a 

corresponding increase in pore water pressures and reduction in effective stresses. Time-

dependent consolidation of the core and dissipation of construction excess pore pressures 

could not be modeled successfully, and after a few attempts, modeling of consolidation was 

abandoned. Thus, it was assumed that construction pore pressures had dissipated fully before 

the start of reservoir filling. Drained loading with seepage flow is assumed to model 

saturation of the shoulder and core. Mechanical behavior is controlled by the constitutive 

models and seepage flow is controlled by the permeability of the soils.  

 

Analysis Results. The results of the analysis at the end of reservoir filling are presented in 

terms of calculated stresses and deformations. The calculated vertical stresses are presented in 

Figures 10 and 11. The calculated stress distributions show irregular patterns throughout the 

upstream shoulder and in the upper part of the downstream shoulder. These irregularities are 

mostly associated with the conversion tolerance set for the analysis. Because of the assumed 

low permeability of the core materials, the saturation front advances little into the core 

through the period of reservoir filling, and the magnitudes of the total and effective stresses in 

a large portion of the core are similar.  

 
Figure 10: Calculated vertical total stresses at end of reservoir filling 
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Figure 11: Calculated vertical effective stresses and end of reservoir filling 

 

The calculated vertical displacements throughout the model are shown in Figure 12. The 

largest displacements, about 7 m, are seen in the core, about one-half of the dam height above 

the foundation. The calculated displacements in the core are higher than those calculated at 

the end of the construction stage due to the higher calculated effective stresses in the core in 

the reservoir filling stage. 

5.3 Long-term Reservoir Operation 

Simulation Process. The simulation process for long-term operation of the reservoir was very 

similar to that for reservoir filling. The selected operation period for analysis corresponds to 

that shown in Figure 2. Fluctuations of the reservoir were simulated in a nearly continuous 

process of change in reservoir level. Drained loading with water flow is assumed to allow 

changes in pore water pressures and in effective stresses through the loading period. 

Mechanical behavior is controlled by the MMC and MC constitutive models, and water flow 

is controlled by the permeability of the soils. Time-dependent consolidation in the core is not 

modeled. 

 

 
Figure 12: Calculated vertical displacements at the end of reservoir filling 

 

Analysis Results. The results of the analysis at the end of the operation period (2016) are 

presented in terms of calculated stresses and deformations. The calculated vertical stresses are 

presented in Figures 13 and 14. The distribution of vertical total stresses in Figure 13 is 

generally similar to that shown in Figure 10 for the end of reservoir filling. This suggests that 

further saturation of the core and fluctuations of the reservoir through the operation period 

have a minor effect on the calculated total vertical stresses. The distribution of vertical 

effective stresses at the end of the operation period reflect a decrease in the core due to further 

saturation of that zone through the operation period. 
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Figure 13: Calculated vertical total stresses at end of selected operation period 

 

 
Figure 14: Calculated vertical effective stresses and end of selected operation period 

 

The calculated displacements throughout the model are shown in Figure 15. These 

displacements are generally similar to those calculated at the end of reservoir filling. 

 

 
 

Figure 15: Calculated vertical displacements at the end of selected operation period 

6 Conclusions 

An analysis of the stresses and deformations in the Mornos Dam (Greece), from construction 

through long-term operation, was performed using the computer program DIANA. In the 

analysis, the dam geometry was approximated with a two-dimensional, plane-strain FE model 

of the dam’s main transverse section. The Mohr-Coulomb and the Modified Mohr-Coulomb 

constitutive models built in DIANA, together with the engineering properties provided in the 

workshop brief, were used to simulate the mechanical behavior of the embankment and 

foundation materials. 

 

The analyses for the construction stage produced vertical total and effective stresses in the 

core that, at any given elevation, are significantly lower than those in the adjacent filter and 

shoulder zones. The calculated stress pattern results from a tendency for stress redistribution 

and arching of the core between the shoulders. The calculated vertical displacements are 
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much larger than those measured at the dam to date. Although yet to be confirmed, this 

discrepancy is most likely due to the assumed constitutive model parameters. Because of the 

assumed low permeability of the core materials, the saturation front advances slowly into the 

core and full saturation of that zone is not reached in the analyses by the end of the operation 

period. Saturation of the core and fluctuations of the reservoir through the operation period 

have a minor calculated effect on the total vertical stresses throughout the embankment.  

 

Overall the analyses show a significant potential for arching in the core of the Mornos dam, 

which raises concerns for possible hydrofracturing of the core. However, additional modeling 

will be required to further assess the results obtained to date. 
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ABSTRACT: In this study an assessment of arching and cracking potential has been performed for the 
core of the Mornos dam, located in Greece. The finite element code PLAXIS 2D was utilised for the 
analysis. Calibration of the finite element model was done based on a limited amount of data available, 
with reasonable agreement. The modelling was mainly based on recommendations in the manual of the 
used finite element code in order to reflect the outcome when modelling is performed according to the 
code recommendations.  

By comparing the stresses after construction, end of first impoundment and after fluctuations in 
the reservoir for 37 years the arching and cracking potential were assessed. From the modelling, stress 
reduction in the dam core and increase in the surrounding zones is observed. This behaviour corresponds 
to interpretations of the field measurements. The criteria used for assessing cracking potential, was that 
fracturing could occur when the reservoir pressure exceeds the minimum total pressure. The analysis 
indicated no cracking of the dam core. 

1 Introduction  
The stresses in a central dam core can reduce due to “arching”, in which settlement of the core 
occur relative to the embankment shoulders. Shear strength is mobilised on the boundary 
between the core and shoulders, followed by transfer of load from the core to the shoulders 
leading to reduction of the total stresses in the core. The potential effects of arching increase as 
dam cores becomes narrower and increase with the presence of a core trench, see e.g. [6] and 
[8]. 

Hydraulic fracturing occurs when the minimum total stress is less than the reservoir pressure, 
resulting in reduction of the effective minor stress to zero, [6] and [18]. Potential cracks form 
roughly in the direction of the minimum principle stress. Cracking may lead to internal erosion, 
if a filter downstream of the crack does not prevent it.  

Many numerical analyses show that minor principal stresses at the end of construction are 
usually less than the future seepage pressure applied by the reservoir. In most cases, the total 
minor stresses increase considerably during impoundment and hydraulic fracturing is avoided 
[6]. In [8] and [18] more information on hydraulic fracturing is available. 

Some examples on arching and cracking of dam cores can be found e.g. in [4], [8], [10], [12], 
[13] and [14]. The arching and cracking potential of the Mornos dam, located in Greece, is 
studied in this paper. The stress-strain development is estimated at the end of construction, after 
first impoundment and after reservoir fluctuations over 37 years. Numerical analysis in two 
dimensions, assuming plane strain conditions, will be used for the assessment. By analyses of 
stresses, the arching and cracking potential are evaluated. The degree of arching is expressed in 
Equation 1: 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑎𝑟𝑐ℎ𝑖𝑛𝑔 = 1 −
𝜎𝑣

𝛾𝑧
   (1) 
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where 𝜎𝑣  is the total vertical stress from the numerical computation and 𝛾𝑧 is the nominal 
vertical total stress.  
 
This paper is a part of “Theme C” in the “14th International Benchmark Workshop on Numerical 
Analysis of Dams”, organised by the “ICOLD Committee on Computational Aspects of 
Analysis and Design of Dams”. The main goal of the workshop was to investigate the ability to 
accurately predict the embankment behaviour, in particular the arching potential and the risk of 
cracking. Some data was available prior to the workshop, which is given in Chapter 2.  
 
The finite element code PLAXIS [2] is utilised for the study. To large extent the modelling is 
based on the recommendations in the PLAXIS manual, in order to assess how a “standard 

computation” with limited information may perform.  

2 The Mornos dam 
The Mornos dam, located in Greece, is a 139 metres high earth dam with a central clay core. 
The central core consists of alluvial clay and of weathered flysch mudrocks, as given in the 
presentation of the dam [6]. The foundation consists of bedrock and includes a wide trench 
through the 10 metres deep river gravels. The shoulders are made of well-compacted river 
gravels. A typical cross section of the dam is shown in Figure 1. 
 

 
Figure 1: Typical cross section of the Mornos dam, where (1) impervious clay core, (2) filter 
zones, (3) shoulder material, (4) base river gravel, (5) bedrock, (6) inspection/grout curtain 

gallery and (7) grout curtain. Modified after [6]. 

Construction of the dam began in June 1973 and was completed in October 1976. The 
impoundment of the reservoir started in late December 1978, stretching over approximately two 
years. 

2.1 Monitoring  
The Mornos dam is monitored with various types of geotechnical instruments. In Figure 2 the 
locations of earth pressure sensors, piezometers and settlement plates are shown.  
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Figure 2: Cross section of the dam, including geotechnical instrumentation. After [6]. 
 
Data from this instrumentation exists for its 37 years of operation, including the reservoir 
fluctuations, the development of pore water pressure, deformation and vertical total stress. Prior 
to the workshop limited data was to the participants [6], summarized as: 

 180 cm of maximum settlements in the core due to construction. The settlements 
occurred at the height of 3/5 of the core, which corresponds to the elevation +392. 

 Differential settlement between the settlement plate columns in the central part and 
downstream was approximately 150 cm in 2016.  

 In 2016, post construction settlement of the crest was approximately 65 cm. 
 Reservoir fluctuations, both actual and simplified elevations, are shown in Figure 3. 

 

 
Figure 3: Reservoir fluctuations. After [6]. 
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2.2 Material parameter values 
Some material parameters were given prior to the workshop [6]. These parameters are based on 
a limited amount of laboratory tests. For definitions of the parameters, see e.g. [2]. 
 

Table 1: Properties for the dam body. After [6]. 
Parameter Unit Core Filter Shoulders River gravels 

γdry t/m3 17.5 18 20.6 18 
γunsat t/m3 20.5 19.5 21.6 19.5 

γsat t/m3 21 21.5 22.8 21.5 
c′ kPa 23.5 0 0 0 
ϕ’ ° 26 35 42 37 
k m/s 10−9 10−5 10−4 10−4 

K MPa 18.5 30 75 45 
E MPa 30 80 200 120 
G MPa 13 40 100 60 

Skempton B coefficient − 0.5 − − − 

 

3 Finite element modelling 
For this study, the finite element code PLAXIS 2D 2016 is utilised. PLAXIS 2D is a two-
dimensional software, developed for deformation, stability and groundwater flow computations 
in geotechnical engineering. More information on the used finite element code is available in 
[2]. 
 
As modelling in two dimensions is utilised, the cross section from Figure 1 is modelled under 
the assumption of plane strain conditions. The cross section is somewhat idealised when 
importing the geometry to the finite element code. The cofferdam, inspection/grout gallery and 
grout curtain are omitted.  
 
For the dam zones, different drainage behaviours are assigned. The clay core is modelled to 
represent undrained behaviour by choosing the setting “Undrained A”, based on effective 

parameters, in PLAXIS. The Skempton B factor, from Table 1, is applied for the core. The rest 
of the dam body is modelled under drained conditions.  
 
For the construction of the dam, computational phases allowing development and dissipation 
of the excess pore pressure with changes in loading or with time were adopted. In PLAXIS [2], 
fully coupled flow-deformation analyses are recommended when pore pressure and 
deformations are of interest as a result of time-dependent changes in the boundary conditions. 
The fully coupled approach is adopted for modelling of the impoundment and the fluctuations.  
 
For the fully coupled analysis, the hydraulic properties of the soil need to be specified. For this 
analysis, the van Genuchten soil water characteristic curves have been used. Since a limited 
amount of data was available, two approaches were applied. One approach is to assign the 
hydraulic conductivity and keep the rest of the hydraulic properties as pre-defined (based on 
soil type). The other approach is to base the hydraulic properties completely on data for the soil 
type, where the finite element code uses a database in PLAXIS for the hydraulic properties.  
 

448



Standard deformation boundary conditions were applied to the finite element model. The 
vertical model boundaries were set to horizontally fixed and free to move vertically. The bottom 
of the model was fully fixed. For the seepage, the foundation is modelled as impermeable. The 
upstream boundary is time dependent, while the downstream boundary is kept at a constant 
level.  
 
Figure 4 shows an illustration of the finite element model. The horizontal layers used for 
simulation of the construction are shown. The upstream “box” is indicating the time dependent 

reservoir water level. Internal distribution of the pore water pressure is computed in the fully 
coupled analysis, having the upstream varying level and downstream fixed level are acting as 
hydraulic boundary conditions.  
 

 
Figure 4: Finite element model of the dam. 

The finite element modelling is performed in several stages in PLAXIS, with computational 
phases as follows:  
1. Initial phase. 

 Bedrock and river gravel are modelled. The “K0 procedure” is applied, since all 

layers in the geometry are horizontal. All initial stresses are computed from Jaky’s 

formula [2].  
 The elevation of the phreatic line is slightly under level +317.5. 

2. Excavation of the river gravel.  
 At the position of the planned core trench, excavation of the river gravels is 

modelled.  
 The assumed time for the excavation is 14 days.  

3. Construction of the dam in 14 layers.  
 The model is build up in layers, in order to reflect the construction process and to 

generate a proper initial stress field. Layered modelling is discussed in e.g. [11].  
 The first part of the construction of the dam is the core trench.  
 The construction time is 1 248 days. Initially, the same time was applied for each 

layer. This resulted in very low pore water pressure in the core at the end of the 
construction. In order to capture the pore pressure development, time for each layer 
was related to the cross-sectional area of the layers. 

 The displacements are reset to zero, meaning that all displacements are counted from 
this phase. 

4.  “Rest” phase.  
 This phase simulates the break between the end of construction and start of 

impoundment, which was 972 days which means almost three years. 
 No modifications of the dam model. 
 Pore pressure is allowed to dissipate with time in this computational phase.  

5. Impoundment of the reservoir. 
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 Fully coupled flow-deformation analysis. 
 The impoundment is applied according to the simplified line in Figure 2, reaching 

the maximum reservoir level at elevation +435. 
 The time is 731 days, approximately two years. 

6. Fluctuations.  
 Fully coupled flow-deformation analysis. 
 Fluctuations according to the simplified graph in Figure 2 are modelled. 
 The time is 12 934 days, almost 35.5 years.  

 
The finite element model was discretised, by applying 15-noded triangular elements to the dam 
geometry. In total, 13 851 elements were used. A denser element mesh was tested, increasing 
computation time but without significant effect on the results. 13 851 elements were therefore 
considered as suitable for the computations.  

4 Constitutive modelling 

4.1 Dam body 
Initially, modelling with the simple constitutive model Mohr Coulomb was conducted, 
involving implementation of the parameters given in Table 1. The results are not presented in 
this paper since the agreement with the given data on deformations was not at all satisfactory, 
even after modifications of the moduli values. Instead, the constitutive model “Hardening soil” 
was used for further work.  
 
The Hardening soil model is based on the hyperbolic Duncan-Chang model [5], but is extended 
under the framework of plasticity. The Hardening soil model has the same failure criterion, 
limit states, as the Mohr Coulomb model. A significant difference is that the deformation 
behaviour can be more realistically modelled using the Hardening soil model in comparison 
with the Mohr Coulomb model, since the stiffness is stress dependent and the model is able to 
distinguish between loading and re-loading. Information on the chosen model can be retrieved 
from e.g. [2] and [17]. 
 
Due to insufficient amount of available data for the material parameters necessary to describe 
the soil with the Hardening soil model, some simplifications were adopted. A standard 
relationship from the PLAXIS manual [2] is used for describing the relationship between the 
moduli of the Hardening soil model, Equation 2: 

E50
ref = Eoed

ref =
1

3
∙ Eur

ref    (2) 

where E50
ref is the reference secant stiffness for primary loading in a drained triaxial test, Eoed

ref  is 
the reference tangent stiffness for primary oedometer loading and Eur

ref is the reference stiffness 
for unloading/reloading in a drained triaxial test. The secant stiffness is defined in Equation 3: 

E50 = E50
ref (

c cos ϕ−σ3
′ sin ϕ

c cos ϕ−pref sin ϕ
)

m

            (3) 

where pref is the reference pressure and m is the parameter for the power for the stress level 
dependency. The reference pressure is kept at the standard value of 100 kPa. Based on 
recommendations in PLAXIS [2], an assumption is used for the parameter m. According to [2] 
and [3] a typical value of the parameter m for clayey material is 1, and for more granular 
material this can be chosen to 0.5.  
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The model calibration was only based on trial-and-error, trying to fit the response of the model 
to the deformations described in section 2.1. The deformations in the finite element model were 
compared to the measured deformations, with a summary as follows: 

 After completion of the construction, the maximum settlements in the core are 182 cm 
at the level +410 in the finite element model. At the level of +392 where the maximum 
deformations were measured, the response in the model is 171 cm.   

 The difference in settlements between the central part and downstream shoulder, in the 
position of the settlement plates’ array (Figure 2), is at most 120 cm. The difference is 
underestimated by 30 cm.  

 Post construction settlements are not at all well covered by the finite element model, 
where the settlement after construction have reached 13 cm at the crest in the model 
whereas the measured value is 65 cm. 

The material parameter values, after some model calibration, are presented in Table 2.  
 

Table 2: Properties for the dam body, after calibration of the finite element model. 
Parameter Unit Core Filter Shoulders River gravels 

E50
ref = Eoed

ref =
1

3
∙ Eur

ref
 MPa 22.5 50 100 60 

pref MPa 100 100 100 100 
m − 1 0.5 0.5 0.5 

 
Below follows suggestions for potential improvement of the response in the numerical model: 

 Preferably, the model parameters for the Hardening soil model should be derived from 
triaxial and oedometer tests, then the simplifications in Equation 3 will not be needed. 
If laboratory testing in not an option, back analysis could be conducted. In such an 
analysis, data from existing measurements is utilised for calibration of the parameters 
for the chosen constitutive model. 

 For modelling of the reservoir fluctuations, a constitutive model that can handle cyclic 
loading could be employed. An option in PLAXIS [2] is the Hardening soil small model, 
which can to some extent handle the cyclic loading in contrary to the standard Hardening 
soil model.  

 For the clay core, a constitutive model that is developed for clayey soils is believed to 
improve the response considering the long term behaviour. From the PLAXIS standard 
models the Soft soil or Soft soil creep models could be some options [2] or the user 
defined model Creep-SCLAY1 [16]. The user defined Barcelona Basic model [15] 
could also be employed for the clay core, where the stress-strain response of unsaturated 
soil is properly described.  

4.2 Foundation 
The deformations of the foundation are not taken into consideration, as suggested in the 
workshop information [6]. The foundation is modelled with both high strength and high 
stiffness with the simpler constitutive model Mohr Coulomb. Non-porous behaviour is applied, 
meaning that the pore pressures in the foundation are not considered and flow is allowed in the 
former riverbed. For definitions of the parameters, see e.g. [2]. 
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Table 3: Properties for the foundation. 
Parameter Unit Value 

γunsat t/m3 19 

γsat t/m3 21 

𝐸 MPa 10 000 

v′ MPa 100 

𝑐′ MPa 0 

ϕ′ ° 45 
 

5 Estimation of arching and hydraulic fracturing potential 
The estimation of arching and hydraulic fracture potential is performed at three stages; after 
construction, end of impoundment and after fluctuations.  

5.1 Arching 
Arching is occurring when the core settles relative to the shoulders. This is reflected in the 
results from the finite element modelling. The core, which is softer than the surrounding 
material, settles significantly more than the adjacent zones. The settlements for the dam body 
are shown for all stages in Figure 5. 
 

 
(a) 

 

 

 
(b) 

 

 
(c) 

Figure 5: Settlement in the dam: (a) after construction, (b) end of impoundment and (c) after 
fluctuations. 

The settlements are increasing in the core from stages (a) to (b). From (b) to (c) some more 
settlement is occurring, but only minor. In Figure 6, the vertical total stresses in the dam body 
are plotted. The total vertical stresses in Figure 6 are significantly lower in the core than in the 
adjacent zones. This means that the shoulders are carrying larger load than the core. Distortions 
of stresses are noted on the upstream part of the dam. In this study, the reason for the distortions 
is not further investigated in this study.  
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(a) 

 

 

 
(b) 

 

 
(c)  

Figure 6: Vertical total stresses in the dam: (a) after construction, (b) end of impoundment and 
(c) after fluctuations. 

Vertical total stresses for the core are shown in Figure 7, where the filter zones are not included 
thus resulting in the pointy looking crest. At end of impoundment, from (a) to (b), the total 
vertical stresses in the core have decreased in the upper part. In the lower part, with influence 
of the impoundment, the vertical total stresses have increased. From (b) to (c), after operation 
of 37 years, the total vertical stresses increase in the bottom part of the core. In the upper part 
of the clay core, the stresses have not changed significantly from (b) to (c).   
 

 
(a) 

 
(b) 

 
(c) 

 
Figure 7: Vertical total stresses in the core: (a) after construction, (b) end of impoundment and 

(c) after fluctuations. 
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The degree of arching is analysed according to the expression presented in Equation 1, where 
a higher value indicate higher degree of arching. The degree of arching is evaluated at the 
horizontal sections at elevations +330, +365 and +400. 
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Figure 8: Degree of arching for horizontal sections at elevations: (a) +330, (b) +365 and (c) 
+400.  

The stresses in the dam core are reduced, implied by a positive value of the degree of arching. 
Most of the arching has already taken place after construction. At the sides of the core (outmost 
part of the horizontal axis), the degree of arching is lower. This indicates stresses increase in 
the adjacent zones, meaning that load is redistributed from the core. Some remarks from the 
plots: 

 For (a), the top section, arching is slightly increasing after impoundment. After 
fluctuations the arching is lowered. The leftmost point (border to the filter), is carrying 
less load with time as the arching decreases.  
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 For (b), the middle section, the arching is decreasing in almost the whole upstream part 
of the core at the end of impoundment. At the downstream part, increase of arching can 
be observed. After the fluctuations arching has decreased in most of the core.  

 For (c), the bottom section, almost same trend as for section (b) is observed.  

5.2 Hydraulic fracturing potential 
The fracturing potential is assessed by comparing the minimum total stress to the maximum 
reservoir pressure, as described in [6] and [8]. The maximum reservoir pressure corresponds to 
the steady-state conditions in the core.  
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Figure 9: Minimum total stress and maximum hydrostatic pressure: (a) after construction, (b) 
end of impoundment and (c) after fluctuations. 

The minimum total stress after construction is higher than the future maximum reservoir 
pressure for all sections, which is shown in Figure 9 for the centre line of the core. This is not 
considered as a fracturing potential since the reservoir pressure is not fully applied. When the 
reservoir pressure is applied, the minimum total stresses increase in the dam. This procedure 
avoids the potential of cracking according to e.g. [6].  
 
Since steady-state conditions are not reached in the finite element model, the hydrostatic 
pressure is lower than the maximum future pressure shown in Figure 9 (a) and (b). In [1] and 
[9] it is discussed that it can take a very long time for steady state conditions to develop, if the 
permeability of the dam core is low.   
 
None of the sections in the dam core have shown the potential of hydraulic fracturing, since the 
current hydrostatic pressure does not exceed the minor total stress. Alternatively, the results of 
the finite element modelling do not show any areas in the core of effective stresses reaching 
zero, at any of the evaluated phases. 
 

6 Monitoring data 
From the monitoring of Mornos dam, data has been available to compare with the results of the 
numerical modelling [7]. The data in the presented in this part is from two sections of the 
Mornos dam, sections A and B. Section A is the analysed section in this paper, shown in Figure 
1. Section B is an adjacent section, located more towards the middle of the dam.   
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6.1 Settlement 
Monitoring of settlements is performed in positions shown in Figure 2. Data from plates 7-2 
(centreline) and 7-3 (downstream) in Section A are compared to settlements from the numerical 
model. The measurement data in Figure 10 is from October 1988. In order to compare the 
settlements, data from the same time was extracted from the numerical computations.  
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Figure 10: Settlements in the dam body, monitoring and computations.  
From Figure 10 it is shown that the core settlements are larger in reality than in the model. Since 
the calibration was done towards the differential settlements, the settlements of the downstream 
part are also underestimated. The whole dam settles less in the model than in reality, but the 
difference between the upstream and downstream is still not that far away from the measured 
value. 

6.2 Pore pressure 
The measured and computed pore water pressure at the dam centreline is shown in Figure 11.  
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Figure 11: Pore water pressure in the dam centreline, monitoring and computations: (a) after 
construction, (b) end of impoundment and (c) after fluctuations. 
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For “Section A”, measurements of the pore water pressure were not available after construction. 

At the end of construction, the parameter set “FEM” is underestimating the pore water pressure. 

For the set “FEM-standard”, there are no significant pore pressure at the end of construction. 
Besides the hydraulic properties, the time assumptions for the modelling of the construction 
process is a factor that can affect the magnitude of the pore pressure.  
 
After impoundment, the set “FEM” is still resulting in underestimation of the pore pressure. 
The set “FEM-standard” is overestimating the pore pressure in the upper part of the core, 
whereas the pore pressures are underestimated in the bottom part.  
 
For the final stage, after fluctuations, the pore pressure is underestimated by the set “FEM” in 

the upper part and are quite well replicated in the bottom part. The pore pressures as a result of 
“FEM-standard” are well corresponding to the measured values. The same response of the two 
approaches can be observed for the horizontal sections at elevations +350 and +390, for which 
monitoring data is available. 
 
The hydraulic parameter set “FEM” includes lower hydraulic conductivity than “FEM-
standard”. If the conductivity is higher, the dissipation of pore pressure will be faster in (a) and 
the phreatic level in the core is going to rise faster in (b) and (c). The results indicate that the 
given hydraulic conductivity from Table 1 is too low for modelling the long term pore pressure 
development in the core. Another assumption that can affect the results, is that the hydraulic 
conductivity is assumed to be equal in both vertical and horizontal direction. 

6.3 Total stress 
The vertical total stresses, from measurements and computations, are plotted in Figure 12 for 
the elevation +365.  
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Figure 12: Vertical total stress in horizontal section +365, monitoring and computations: (b) 
end of impoundment and (c) after fluctuations. 

There is a difference in the stresses between measured and computed values, while the general 
trend has been replicated. Higher stress in the dam shoulders than in the dam core are seen in 
the measurements, indicating that arching is occurring. The same trends are obtained when 
comparing the data from monitoring and computations for the horizontal section at elevation 
+400.  
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In Figure 6 there are distortions of the stresses at the upstream side of the dam. This effect is 
also captured in Figure 12, where “uneven” stresses can be noted at the horizontal distance -50 
to 0.  
 

7 Concluding remarks 
In this study, the arching and cracking potential of the central core in the Mornos embankment 
dam has been assessed. The main conclusions are: 

 Arching is observed from the finite element modelling. The arching increases after 
impoundment in most of the core, and is not notably changing over time after 
impoundment.  

 Most of stress transfer from core to shoulders has happened at the end of construction. 
 By analyses of stresses, no potential of hydraulic fracturing can be evaluated since the 

hydrostatic pressure does not exceed the minor total stress. 
 Even though the utilised model, Hardening soil, has limitations the basic behaviour is 

still covered. Total stresses and pore water pressure are predicted fairly well, with a 
limitation in capturing the long term displacements.  

 

8 Acknowledgements 
The research presented in this thesis was carried out as a part of "Swedish Hydropower Centre 
- SVC". SVC has been established by the Swedish Energy Agency, Elforsk and Svenska 
Kraftnät together with Luleå University of Technology, The Royal Institute of Technology, 
Chalmers University of Technology and Uppsala University.  
 
Participating hydro power companies are: Andritz Hydro Inepar Sweden, Andritz Waplans, 
E.ON Vattenkraft Sverige, Fortum Generation,  Holmen Energi, Jämtkraft, Karlstads Energi, 
Linde Energi, Mälarenergi, Skellefteå Kraft, Sollefteåforsens, Statkraft Sverige, Statoil 
Lubricants, Sweco Infrastructure, Sweco Energuide, SveMin, Umeå Energi, Vattenfall 
Research and Development, Vattenfall Vattenkraft, VG Power and WSP. 
 

9 References 
[1] Alonso E.E., Pinyol N.M. (2008). Unsaturated soil mechanics in earth and rockfill dam 

engineering. Proceedings of the 1st Europe Conference on Unsaturated Soils, Durham, 
United Kingdom. Taylor and Francis, London, pp. 3–32. 

[2] Brinkgreve R.B.J. (2005). Selection of soil models and parameters for geotechnical 
application. In Proceedings of Geo-Frontiers Congress, Austin, Texas, United States. 
ACSE, pp. 69-98. 

[3] Brinkgreve R.B.J, Kumarswamy S., Swolfs W.M. (2016). PLAXIS 2016. Plaxis bv, Delft. 
[4] Djarwadi D., Suryolelono K.B., Suhendro B., Hardiyatmo C. (2017). Height limitation of 

rock fill dams with tropical residual clay cores against hydraulic fracturing. Proceedings of 
the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul, 
South Korea, pp. 2363-2366. 

[5] Duncan J.M., Chang C.M. (1970). Nonlinear analysis of stress and strain in soils. Journal 
of Soil Mechanics and Foundations Division. ASCE, Vol 96 (SM5), 1629-1653. 

458



[6] Dounias G. (2017). Theme C, Embankment dam behaviour prediction of arching and 
cracking potential. 14th International Benchmark Workshop on Numerical Analysis of 
Dams, Stockholm, Sweden.  

[7] Dounias G. (2017). Theme C, Embankment dam behaviour, Prediction of arching and 
cracking potential. Results and discussion. 14th International Benchmark Workshop on 
Numerical Analysis of Dams, Stockholm, Sweden. 

[8] Dounias G.T., Potts D.M., Vaughan P.R. (1996). Analysis of progressive failure and 
cracking in old British dams. Géotechnique, Vol 46, pp. 621-640. 

[9] Fell R., MacGregor P, Stapledon D., Bell G., Foster M. (2014). Geotechnical Engineering 
of Dams, 2nd Edition. Taylor and Francis, London. 

[10] Ghafari A., Nikraz H.R., Sanaeirad A. (2016). Finite element analysis of deformation and 
arching inside the core of embankment dams during construction. Australian Journal of 
Civil Engineering, Vol 14 (1), pp. 13-22. 

[11] Kovacevic N. (1994). Numerical analyses of rockfill dams, cut slopes and road 
embankments. PhD Thesis, University of London (Imperial College of Science, 
Technology and Medicine), London.  

[12] Kjaernsli B., Torblaa I. (1968). Leakage through horizontal cracks in the core of Hyttejuvet 
dam. Norwegian Geotechnical Institute, Publication Number 80, pp. 39-47. 

[13] Ng A.K.L., Small J.C. (1999). A case study of hydraulic fracturing using finite element 
methods. Canadian Geotechnical Journal, Vol 36 (5), pp. 861-875. 

[14] Maksimovic M. (1972). Optimum position of the central clay core with respect to arching 
and hydraulic fracture. Transactions of the 11th International Congress on Large Dams, 
Madrid, Spain, Vol 3, pp. 789-900. 

[15] Pedroso D.M., Farias, M. M. (2011). Extended Barcelona Basic Model for unsaturated soils 
under cyclic loadings. Computers and Geotechnics, Vol. 38, pp. 731-740. 

[16] Sivasithamparam N.,  Karstunen M., Bonnier P. (2015). Modelling creep behaviour of 
anisotropic soft soils. Computers and Geotechnics, Vol 69, pp. 46-57.  

[17] Schanz T., Vermeer P., Bonnier P. (1999). The Hardening Soil Model: Formulation and 
Verification. Proceedings of the International Symposium beyond 2000 In Computational 
Geotechnics, Amsterdam, The Netherlands. Balkema, Rotterdam, pp. 475-490.  

[18] Sherard J.L. (1986). Hydraulic Fracturing in Embankment Dams. Journal of Geotechnical 
and Geoenvironmental Engineering. ACSE, Vol 112 (10), pp. 905-927. 

459



Arching and cracking potential prediction  
of Mornos Dam 

Bakeš M.1, Minárik M. 1 

1Vodohospodárska výstavba, SOE, Department of Dam Safety, Bratislava, SLOVAKIA 

E-mail: martin.bakes@vvb.sk, marian.minarik@vvb.sk 

ABSTRACT: Point of this paper is stress and strain analysis of embankment dam Mornos in the 
Greece with aim on arching and cracking potential prediction. Step by step lifting of soil layers 
process has been use to simulate dam construction. Reservoir first impoundment and water level 

fluctuation during 35 years of operation was taken in consideration. For this purpose numerical model 
in GeoStudio was created and coupled consolidation or un-coupled type of analysis were been use for 
different stages of computations. Assessment of arching and cracking potential has been done for each 

stage of dam existence. 
 

1 Introduction 
The Mornos Dam is an earth dam with central clay core and gravel shoulders, situated in the 
Greece at the north 38°31'29.03" latitude and east 22°07'17.39" longitude (figure 1). The 
maximum dam height is 139 m above foundation and the crest level is 446.50 m ASL. Dam 
crest length is 815 m and width is 10 m. Width at foundation level is approx. 610 m. The 
longitudinal ax of embankment is curved in shape. The central core was constructed of 
alluvial clay and highly weathered flysch mudrocks with 3v:1h slopes. Core is protected by 
filter zones on each side and is found on rock, in 10 m deep trench in river gravels. The 
shoulders are constructed of river gravel whit 1v:2.4h upstream slope and 1v:2h downstream 
slope. The dam cross section is shown at Figure 1. 
 

   
Figure 1: The Mornos Dam 

 

2 Numerical modeling 

2.1 Finite element model 
For the purpose of stress and deformation analysis, Geostudio 2016 has been use. The task 
was solved in three stages:  
1. Embankment construction, 
2. Reservoir first impoundment and  
3. Reservoir fluctuation over 35 years. 
In order to obtain stress and strains behavior of embankment, during and after construction 
stage, step by step lifting of soil layers has been simulated. Because of great embankment 
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height (almost 140 m), 25 lift were used, while thickness of each one was 5 m. Such 
construction layers are unrealistic, but usage of thinner layers would cause great excess of 
modeling efforts and inadequate increase of result quality. Excavation of 10 m deep core 
trench in river gravel has been also taken in account. Overall construction time of 
embankment (approx. 1 248 days) was equally divided for each layer lift, so construction 
breaks were not considered. The 792 days period between last (25th) lift and reservoir 
impoundment, had been also taking into computations.  
Quads and triangles mesh involving 3 477 elements and 5839 nodes was used. Elements in 
core and filters regions were thicker with secondary nodes.  
 

 
Figure 2: Mornos dam numerical model 

 
First stage (embankment construction) of analysis was done as a coupled consolidation. 
Second and third stage was set together as an un-coupled type of analysis, so pore-water 
pressures had been examined alone and use as an input data for volume change analysis. The 
reason for such procedure was a simplification of transient computations during a very long 
period of time (almost 40 years). Full coupled analysis efforts were not be successful, by 
reason of non-converged solution.  
 

2.2 Material properties 
Generally, soil materials are not linear and the laws describing their behavior are complicated.  
For gaining a realistic image of an embankment behavior, it is crucial to use a non-linear 
stress-strain relationship. Stress and strain diagrams, achieved from the triaxial compression 
test are very similar to a hyperbola [1]. It would be very essential to use hyperbolic 
relationship material model in case of our study, but unfortunately the hyperbolic model 
cannot be used in a coupled analysis with pore-pressures arising from external loading. For 
that reason elastic-plastic material model was used in numerical modeling (figure 3).  
 

 
Figure 3: Elastic-perfectly plastic constitutive relationship [2] 
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The model describes an elastic, perfectly-plastic relationship. Stresses are related to strains 
until the yield point is reached. Beyond the yield point, the stress-strain curve is horizontal 
[2].  
 
Material properties used in numerical model are presented in table 1 and 2 [3]. According to 
information, that the material properties estimation was based on limited amount of tests, 
some adjustments of soil strength and stiffness parameters have been made. Also hydraulic 
properties, specifically saturated hydraulic conductivity of clayey central core, have been 
modified. 
 

Table 1: Stress and Strain material properties 

Region 
c' φ' E Ν γwet 

(kPa) 0 (MPa) (-) (kN/m3) 
Core 20 20 15 0,40 20,5 

Filters 0 35 60 0,28 19,5 
Shoulders 0 42 200 0,20 21,6 

River gravels 0 35 80 0,20 19,5 

 

Table 2: Hydraulic material properties 

Region 
Ksat θW Activation PWP mV 

(m.s-1) (%) (kPa) (kPa) 
Core 1E-07 17 -40 3E-05 

Filters 1E-05 8 -90 4E-05 
Shoulders 1E-04 5 -20 3E-05 

River gravels 1E-04 - - 3E-05 
 
 

3 Analysis results 

3.1 Stresses and strains 
Stress contours and displacements were achieved for each stage of dam existence. Total 
vertical stresses calculated at the end of construction are shown at Figure 4a. The presence of 
arching effect is obvious according to great difference between total stresses in central core 
and shoulders, especially in the area of low elevation. Also shear stresses distribution (figure 
4b) points to transferring of weight load from the core to the shells and forming low-stress 
regions in the central core. Figure 4c shows the maximum displacements arise at the middle 
height of embankment and figure 4d the pore-water pressure development. Effect of reservoir 
impoundment and long term operation state could be clearly seen at figures 5 and 6. Total 
stresses increase caused by pore-water pressure growth is very similar at the stage of first 
reservoir impoundment as so after 35 years operation. 
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Figure 4a: Stage 1 – Embankment construction, Y-Total Stress 

 

 
Figure 4b: Stage 1 – Embankment construction, Max Shear Stress 

 

 
Figure 4c: Stage 1 – Embankment construction, Y-Displacement 

 
 

 
Figure 4d: Stage 1 – Embankment construction, Pore-Water Pressure 
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Figure 5a: Stage 2 – First reservoir impoundment, Y-Total Stress 

 

 
Figure 5b: Stage 2 – First reservoir impoundment, Max Shear Stress 

 

 
Figure 5c: Stage 2 – First reservoir impoundment, Y-Displacement 

 

 
Figure 5d: Stage 2 – First reservoir impoundment, Pore-Water Pressure 
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Figure 6a: Stage 3 – Long-term operation, Pore-Water Pressure 

 

 
Figure 6b: Stage 3 – Long-term operation, Max Shear Stress 

 
 

 
Figure 6c: Stage 3 – Long-term operation, Y-Displacement 

 
 

 
Figure 6c: Stage 3 – Long-term operation, Pore-Water Pressure 
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3.2 Arching potential and hydraulic fracture risk 
There are various options how to determine arching potential in the core of the earth dam. We 
decided to use ratio between computed total vertical stresses σV and geostatic pressure (γ*z). 

Figure 7 shows position of cross section 2-2 and at figures 8a, b and c are presented computed 
arching ratio in this cross section for each stage of dam existence. Development of arching 
potential is evident in all stages and the most significant value of arching ratio is app. 50%.  
 

 
Figure 7: Cross section 2-2 

 

 
Figure 8a: Arching ratio at stage 1 – cross section 2-2 

 

 
Figure 8b: Arching ratio at stage 2 – cross section 2-2 
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Figure 8c: Arching ratio at stage 3 – cross section 2-2 

 
Figure 9 shows development of stresses in the same cross section 2-2. Here is important value 
of total minimum stress at upstream part of core, which is less than value of maximum 
hydrostatic pressure in reservoir at presented elevation. The difference is approximately 500 
kPa, so there is sufficient reserve of safety. On the downstream core side is computed value of 
total minimum stress (even average) a little higher as theoretical reservoir hydrostatic 
pressure. But real hydraulic stress in this part of core is much smaller; even there could be no 
positive pore water pressure at all. Similar results were observed also in other horizontal cross 
sections. 
 

 
 

Figure 9: Computed stresses and max. reservoir hydrostatic pressure in section 2-2 (stage 2) 
 
 
The most risky location of potential hydraulic fracture occurrence is interface between 
upstream side of core and dam shoulder. As shows result at figure 10, computed minimum 
total stress along this interface is higher at each elevation as maximum hydrostatic pressure 
after first impoundment. According to computed data, there is no risk of core disruption 
caused by hydraulic fracturing. On the other hand this assessment is based only on 2D model. 
In conditions of Mornos dam geometry there is possibility of occurrence of cross valley 
arching and resulting core cracking. For analyzing such phenomenon it is necessary to 
perform 3D modeling. 
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Figure 10: Minimum total stress along the interface between upstream side of core and dams 

shoulder after first reservoir impoundment  
 

4 Conclusions 
Numerical modeling offers almost unlimited possibilities of mathematical calculations and 
interpretation of the results. Nor detailed mathematical model could be able to capture the in 
situ states or conditions. Limited knowledge of material properties bring uncertainties to 
result but constitutive relationship which describes behavior of natural materials is the 
greatest issue in such complicated analysis.  
In this study were analyzed stress and strains conditions of Mornos dam at each stage of its 
existence. Results proved transferring of weight load from the central core to the shoulders 
and forming low-stress regions in the core. Arching effect is also obvious according to great 
difference between total stresses in core and shoulders in all analyzed stages. Nevertheless the 
risk of hydraulic fracture of central core was according to presented results not proven. 
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ABSTRACT: Cracking is one of the most recognized mechanisms for the initiation of internal 

erosion. The paper presents results from a numerical study on the deformation behavior of Mornos 

dam in Greece. The numerical analysis was conducted by means of a 2D, plane strain model of the 

dam. For the simulation the Hardening Soil Model was used to estimate the stress and strain 

developments for three different stages (end of construction, first impounding and after 35 years of 

operation) in order to predict the embankment behavior with respect to arching effects and the risk of 

cracking. 

1 Introduction 

Mornos dam is located on the upper part of the Mornos river northwest of Athens, Greece. 

The construction of the dam started in 1969 and was completed in 1979. The filling of the 

reservoir was conducted in sequential steps from 1979 to 1981. The reservoir covers an area 

of 18,54 km² and has a maximum capacity of 764 million cubic meter. The dam is part of the 

water supply system of the Greek capital Athens. The maximum height of the dam is 139 m 

above the foundation. The dam crest is curved with a length of 815 m and a width of 10 m. 

Mornos dam is an earth dam with a central clay core which is made of alluvial clay and highly 

weathered mudrocks. The clay core is founded on a trench with an inspection gallery on the 

bedrock. Heavily compacted sandy river gravels were used for the upstream and downstream 

shoulders. The foundation of the dam is on Flysch, a succession of sand and siltstone. In 

Figure 1 a typical section of the dam is depicted. 

 

 

Figure 1: Section of Mornos Dam [1] 

 

The dam is equipped with a comprehensive monitoring system for observation. Figure 2 

shows a typical instrumented cross section of the dam with the location of the instruments. 
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Figure 2: Cross Section 7 with instrumentation locations, adapted from [1] 

 

1.1 Numerical model and parameters 

The finite element program Plaxis 2D-2017 was used throughout this analysis. The 

simulations were carried out with a 2D plane strain model of the cross-section depicted in 

Figure 1 and Figure 2. The model itself consists of 12780, 15-node triangular elements, which 

have 12 interior stress points situated at different positions. The average element size of the 

finite element mesh is 5.2 m. The finite element mesh is shown in Figure 3. The model’s 

horizontal expansion amounts to 1400 m, the vertical expansion is 390 m.  

 

Figure 3: Finite element model and mesh 

 

The hardening soil model [6], implemented in PLAXIS, was employed for the numerical 

analysis. It is a modified version of the hyperbolic model. The hardening soil model 

supersedes the hyperbolic model by far, using the theory of plasticity rather than the theory of 

elasticity including soil dilatancy and introducing a yield cap. The hardening soil model 

accounts in a realistic manner for the stress dependence of the soil stiffness for oedometric 

and deviatoric loading as well as for primary loading and reloading. The stress dependency is 

modeled with three different stiffness moduli:    

• for primary loading ���
���

,    

• for oedometric loading ����
���

,  and for  

• unloading and reloading �	�
���

as well as the parameter m for the amount of the stress 

dependency.  
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The stress dependency of the stiffness is nonlinear and given by the following equation:   

 

ref 3

50 50 ref

cot

cot

m

c
E E

p c

σ ϕ
ϕ

 + 
=  + 

 (1) 

 

���
���

, the reference stiffness modulus corresponding to the reference stress pref, is determined 

from a triaxial stress-strain-curve for a mobilisation of 50 % of the maximum shear strength 

qf. The modulus depends on the minor principal stress σ3' which is the effective confining 

pressure applied in a triaxial test. qf - the stress at failure - is evaluated with the Mohr 

Coulomb failure criterion. Un-/reloading is modelled purely (linear) elastic with the reference 

Young´s modulus for un-/reloading �	�
���

corresponding to the reference pressure pref. In the 

Hardening Soil model the stress path is resulting from two different hardening mechanisms, 

i.e. the isotropic and deviatoric hardening. Therefore a shear hardening yield surface as 

indicated in Figure 5 is introduced. For compressive (isotropic) stress paths, a cap type yield 

surface closes the elastic region. Due to shear hardening, the shear yield locus can expand up 

to the Mohr-Coulomb failure criterion while the cap expands due to volumetric hardening as a 

function of the preconsolidation stress. For a detailed description of the Hardening Soil 

model, reference is made to Schanz et al. [6]. 

 

  

 

 

 

Figure 4: Hyperbolic stress-strain relation 

for primary loading, unloading and 

reloading. [6] 

 Figure 5: Yield contour of hardening soil 

model in total stress space. [6] 

1.2 Soil parameters 

Figure 6 depicts the zoning of the dam body which was taken into account with four different 

zones (zone 1 through 4) using the hardening soil model. For the clay core, undrained 

behavior was assumed. The foundation bedrock (zone 5) was modeled linear elastic. Since the 

deformation of the dam foundation is not the scope of this study, the stiffness of this zone was 

chosen at a high level.  
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Figure 6: Dam zones with material 

 

The parameters for the numerical analysis are shown in Table 1. Since no detailed test results 

are available, material parameters from back-calculations of other dams [2-5] were used to 

obtain characteristic parameters for different zones. 

 

Table 1: Material parameters for the numerical analysis. 

  1 2 3 4 5 

  Core Filter Shoulders Gravel Rock 

  
Undrained (B) Drained Drained Drained 

Non 

Porous 

γ/ γsat kN/m³ 20.5/21.0 20.0/22.0 21.6/22.8 19.5/21.5 24.0/24.0 

φ ° 0 35 42 37 - 

c kN/m² 150 1 5 5 - 

ψ ° 0 7 4 4 - 

���
���

 kN/m² 30000 40000 72000 50000 - 

����
���

 kN/m² 25000 35000 60000 45000 - 

�	�
���

 kN/m² 70000 120000 216000 150000 - 

m - 0.9 0.35 0.35 0.35 - 

Rf - 0.9 0.9 0.7 0.9 - 

kf m/s 1E-9 1E-5 1E-4 1E-5 - 

E kN/m² - - - - 30E6 

υ - - - - - 0.3 

 

1.3 Construction stages 

The numerical analysis of the construction process, first impounding and 30 years of 

operation was carried out in 77 phases which can be summarised in five main parts: 

• Calculation of the initial stress state by gravity loading and reset of the initial 

deformation to zero. 

• Soil excavation of the trench for the inspection gallery and the core footing. 

• Simultaneous construction of the clay core, upstream and downstream dam zones with 

a layer thickness of about 5 m. 

• Consolidation and first impounding. 

• Reservoir operation for 30 years with changing reservoir levels. 
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Table 2 gives an overview about the construction stages and timeline of the numerical 

analysis. Since a fully coupled flow-deformation analysis did not provide satisfactory results, 

the analysis was performed as a consolidation analysis with a transient flow calculation for 

each phase. The reservoir level was applied stepwise with a maximum difference in the 

pressure head of 10 m. In order to analyse the dissipation of pore water pressures, a 

consolidation analysis was used for all construction stages. Also the long term behaviour of 

the dam with reservoir level fluctuations have been calculated as consolidation analysis. 

Figure 7 depicts the simplified reservoir level used in the calculation.  

 

Table 2: Calculation phases. 

Phase Description Calculation type Duration [days] End time 

0 Initial phase Gravity loading 0 - 

1-2 Plinth construction Plastic 0 01.06.1973 

3-35 Construction Consolidation 1218 01.10.1976 

36 Consolidation Consolidation 822 01.01.1979 

37-49 First impounding Consolidation 731 01.01.1984 

50-77 Reservoir operation Consolidation 12934 31.05.2016 

 

 

 

Figure 7: Actual and simplified reservoir level used in the analysis. 

2 Results 

2.1 Principal stress directions and total vertical stress 

Figure 8 shows the total vertical stress for the three different stages. During and after 

construction, the total vertical stress in the clay core is significantly lower (about half) 

compared to the adjacent dam zones. Due to arching effects, load is transferred from the soft  

core to the stiffer shoulders. The lowest stress values are located on the fringe of the core. In 

the center of the core, excess pore water pressures produce higher total stress. 

 

Due to the dissipation of excess pore water pressures and the impoundment, the vertical stress 

distribution significantly changes. Arching effects are still present, the stress difference 

between core and shells slightly decreases. After 35 years of operation, arching effects are 

still present. 
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Figure 8: Total vertical stress. 

2.2 Vertical and horizontal deformation 

Figure 9 depicts the vertical deformation of the dam during construction, impounding and 

after 35 years of operation. The maximum settlement in the core is about 1.75 m at the end of 

construction while the settlements of the shoulders zones adjacent to the core show a 

deformation of about 0.70 m. After 35 years of reservoir operation an additional post 

construction crest settlement of about 0.35 m was observed. Figure 10 shows the horizontal 

displacements of the dam. During construction, the lower part of the upstream and 

downstream dam shoulders are moving towards the dam center by about 0.3 m. During the 

first impounding in 1981, additional horizontal displacements occur in the upper part of the 

dam, near the crest, which can also be seen in Figure 13. The maximum horizontal crest 

deformation occurs during the first impoundment with a value of about 0.14 m. 
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Figure 9: Vertical displacements of the dam. 

 

 

Figure 10: Horizontal displacements of the dam. 
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2.3 Excess pore water pressure 

 

Figure 11: Excess pore water pressure distribution. 

2.4 Shear strains 

 

Figure 12: Total shear strains from the beginning of the construction (1969) up to 2016. 
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Figure 12 and Figure 13 show the evolution of shear strains for different periods. Between the 

end of construction and the first impounding, shear strains occur close to the basement of the 

clay core. During the reservoir operation for 35 years (1981 – 2016), additional shear strains 

also occur in the upper part of the upstream dam shoulder, indicating a local failure (shear) 

zone in the dam. 

 

 

Figure 13: Evolution of differential shear strains for different periods. 

2.5 Arching estimation 

Figure 14 shows the vertical stress distribution along the given horizontal cross sections. The 

data clearly shows the load transfer from the core to the dam shoulders. The maximum stress 

difference between the core and the shoulder can be found in the lower parts of the core.   

The degree of arching can be estimated by calculating the actual stress over nominal vertical 

stress (overburden stress) for each point of the dam. Figure 15 depicts the degree of arching 

for the end of construction, first impounding and after 35 years of reservoir operation. Values 

below 1.0 depict critical zones with a stress reduction and a load transfer to other dam zones, 

values above 1.0 indicate a stress increase. The data shows a stress reduction of about 50% of 

the nominal vertical stress in the core at the end of construction. Arching reduces slightly in 

the core due to the impounding of the dam. After 35 years of reservoir operation, arching 

effects are still present. 
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Figure 14: Vertical stress distribution (end of construction). 

 

 

 
Figure 15: Degree of arching. 
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2.6 Cracking potential 

Cracking may occur when the minor principal stress σ3 is reduced by effects related to 

arching below the hydrostatic pressure γw·z. Figure 16 shows the residual minor principal 

stress σ3 - γw·z for the first impounding. The graph shows the lowest residual minor principal 

stress and the highest cracking potential in the upper third of the core. 

 
Figure 16: Residual minor principal stress for the first impounding. 

3 Conclusions 

The deformation behavior and stress distribution of Mornos dam was analysed by using 

numerical methods. The deformation behavior of the dam is characterized by a considerable 

stiffness difference between the clay core and the stiff dam shoulders. This leads to a relative 

settlement between the soft core and the stiff shoulders of about 1.50 m. Due to this 

settlement, a stress redistribution in the dam occurs which will result in significant arching 

effects. The numerical analysis provided a good illustration of the problematic dam zones 

where arching effects arise which might lead to cracking. It could be shown that the highest 

arching potential occurs during and after construction and will be slightly reduced during 

impoundment. The numerical simulation of the long term behavior of the dam over a time 

period of 35 years showed small changes in the stress distribution of the dam. It is notable that 

the ongoing settlement of the core leads to a local failure zone in the top part of the upstream 

shoulder which can be clearly identified by the evolution of shear strains in the dam. This 

zone also leads to locally higher shear stress in the clay core which could initiate cracking.  
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ABSTRACT:  
In the last decade the attention and application of a reliability-based methodology for concrete dams 

has increased.  

A recent project aiming at bringing forth a reliability-based methodology for design and assessment of 

concrete dams founded on rock for conditions applicable in a Nordic climate has resulted in a 

“Probabilistic model code for concrete dams” (PMCD). The objective of Theme D was to estimate 

probability of failure of an existing concrete dam for sliding along the concrete/rock interface and 

sliding along a joint in the rock mass, using the PMCD. The dam analyzed is a 25 m high concrete 

gravity dam located in the north part of Sweden.  

Contributions from six authors were received and have been analysed in this summary along with a 

reference solution by the authors.  

The first assignment was to estimate the deterministic factor of safety. Although the definitions of the 

factor of safety were similar there was large differences in the results. 

For the probabilistic analysis, definition of limit state functions was straight forward and have been 

defined similarly. Variables in the probabilistic analysis were defined somewhat differently, e.g. for 

concrete density, friction angle and ice loads. The results of the probabilistic analysis of sliding along 

the interface for normal water levels were varying, although five of the results were within the range 

of β = 3.7-5. There was less variability for the flood load case and for sliding along the rock joint. 

There reason was considered to be mainly due to the different parameter definitions.  

Identification of the most important parameters was successful; although the exact sensitivity values 

varied (due to variation in parameters), the most important factors were identified.  

In the calculation of system reliability, the previously described differences were reflected.  

Bayesian updating proved to be a tricky task, where especially results of the updated standard 

deviation varied. One conclusion is, however, that the updating of the friction angle is rewarding in 

terms of increasing the safety index due to the reduction in epistemic uncertainties.  

 

For a probabilistic methodology to be trustworthy it should produce stable and reproducible results. 

The conclusion is that the PMCD is successful as a guideline in this process, but that further 

development and more experience of practical use is necessary. More benchmarks of similar 

characteristics are thus believed to be a good way forward and a broader discussion among 

practitioners would also be beneficial in reaching a “consensus” on how to perform reliability-based 

assessments. 
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1 Introduction  

Requirements to safety and reliability of structures have historically been controlled by 

engineering standard-based approaches. For the past 40 years it has been realized that design, 

assessment, maintenance and inspection planning may be considered as decision problems 

subject to a combination of inherent, modelling and statistical uncertainties (JCSS, 2008) [1].  

It is well known that the same numerical value of a factor of safety may imply very different 

safety margins in the actual design. A larger factor of safety does not necessarily mean a 

smaller level of risk because its inherent conservatism can be offset by the presence of larger 

uncertainties in the design environment (Phoon et al, 2003), [2] (Ellingwood & Galambos, 

1982) [3]. 

Reliability-based methodology has yet found only limited application to dam safety 

assessment. Probable explanations are: (a) the complex nature of the interaction of the dam 

with its foundation; (b) the fact that dams are unique prototype structures where statistical 

analysis with large sets of data are hardly applicable; (c) a general reluctance among 

engineers to change the existing design procedure, which on the other hand has provided a 

sound safety record from an overall point of view, and (d) conservatism and lack of 

knowledge on probability and reliability concepts among decision-makers.  

In the last 15-20 years the attention and application of a reliability-based methodology for 

concrete dams has been increasing. One example is the 2011 ICOLD Benchmark where one 

of the themes was to estimate the probability of sliding failure of a concrete dam [4]. The 

objective of the exercise proposed in the 2011 ICOLD BW was to obtain relationships 

between water levels, factors of safety and probabilities of failure for a gravity dam, using 

behavior models for the dam-foundation system together with reliability techniques that 

allowed for uncertainties in the parameters, which were treated as random variables. The dam 

had to be modelled with a 2D model, freely chosen by participants, that could be a limit 

equilibrium model or/and a deformable body model. The factor of safety against sliding had 

to be calculated for several water levels. Following this step, participants had to estimate the 

probability of failure for the sliding failure mode using at least one Level 2 reliability method, 

again, freely chosen, and a Level 3 Monte Carlo simulation method. 

Contributions from 8 teams were reported, which came to show the interest of the dam 

engineering community for this topic. Results presented by contributors opened a field of 

discussion on the main sources of uncertainties, which included models of analysis, how the 

factor of safety is defined and statistical analysis of random variables. 

The differences among the results presented by different teams were significant. The reason 

was that even for the classical, rather simple and well known problem of sliding for gravity 

dams, the engineers still had to make decisions and choose between different options at some 

points in the process of finding the solution, showing that there is not a unique way to tackle 

the gravity dam sliding problem, and that even a simple problem may exhibit relatively high 

degrees of freedom.  

For instance, participants had to select a crack opening and propagation criteria along the 

dam-foundation contact, and different approaches were adopted, which appeared to have a 

strong impact on the solution. Another important factor was how the factor of safety is 

defined, either as a ratio of forces or as a ratio of strength parameters. The selection of the 
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characteristic value of shear strength was another key question. Some teams selected the mean 

value from a data set, while others chose lower values as prudent estimates. When calculating 

probabilities, both the selection of statistical distributions used to describe random variables 

(normal, lognormal) and the selection of reliability methods also played an important role on 

the results, as the engineers may choose between methods of different accuracy ranging from 

the approximate Taylor’s method to more exact Monte Carlo numerical simulations. 

One of the conclusions of the 2011 BW was that future benchmark problems in this topic may 

go deeper into any or several of these questions to fill the gap between everyday engineering 

practice and reliability based dam safety assessment. The conclusion was also that more 

research is needed to handle different types of uncertainties, since parameter uncertainty is 

just one part of the problem. 

In 2013, Swedish dam owners and authorities initiated a project to bring forth a reliability-

based methodology for design and assessment of concrete dams founded on rock for 

conditions applicable in a Nordic climate. The methodology follows the same structure as the 

Probabilistic model code  [1] and can be seen as a first attempt to put together in a consistent 

way some of the rules, regulations and explanations necessary for design and assessment of 

concrete dams from a probabilistic point of view. The aim is for the methodology to be a 

framework for a systematic approach for reliability-based assessments. The methodology is 

denoted “Probabilistic model code for concrete dams (PMCD)” [5] and consists of  

- basis of design; where basis of reliability based design is presented, limit states 

applicable to concrete dams and design situations as well as target reliability are 

defined 

- load and resistance variables; where statistical distributions for relevant parameters are 

given and the background to them are presented.  

2 Aim of the theme 

The objective of the theme is to estimate probability of failure of an existing concrete dam 

using the newly published Probabilistic model code for concrete dams.  

The belief and hope of the authors of this proposal is that the Probabilistic model code for 

concrete dams can provide a framework for unified reliability calculations and thus increase 

the interest and confidence in reliability based design and risk analysis. The ICOLD 

Benchmark Workshop is an excellent opportunity to test the methodology at larger scale and 

to identify further needs to improve the document for future assessments. 

3 Dam features  

The dam is a 25 m high concrete gravity dam located in the north part of Sweden. The 

monolith width is 12 m. An inspection gallery is located in the dam body, but no drain holes 

are present. The dam is built for hydropower purposes and water is held close to the legal 

retention water level (rwl) most of the time. The discharge is managed through five gated 

spillways, one bottom outlet and four surface outlets. Due to its location in the North of 

Sweden, the dam is subjected to ice loads. The cross section of the dam monolith is shown in 

the drawing in Figure 1 and Figure 2, which is completed with additional information given 

below. 

 Volume of concrete: 2 870 m
3
 

 Lever arm of concrete: 12,74 m from downstream toe 
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 Jacking force (post-stressed anchors): 1 080 kN/m (P0). In total 6 anchors, each with a 

jacking force of 2160 kN, have been installed.  

 Lever arm of jacking force: 17,5 m from downstream toe.  

 The total pre-stress losses may be estimated to 10% of the jacking force with a 

coefficient of variation according to PMCD.  

 The rock surface was blasted before concrete casting.  

 Rock wedge volume: 1376 m
3
 

 Rock type: granite 

 The rock joint is estimated to have a residual friction angle with a mean value of 32 

degrees and the contribution from roughness has a mean value 8 degrees. An 

estimation of the coefficient of variation can be found in PMCD.  

 Two shear tests of the concrete/rock contact have resulted in basic friction angles of 

37 and 38 degrees respectively. Expected variation in the mean value between 

different dams can be assumed normal distributed with a mean value of 35 degrees 

and a standard deviation of 1.75 degrees. The on-site variability of the parameter may 

be expected to have a coefficient of variation of 0.03.  

 The statistical distribution of water level related to a flood event (load case ii) was 

obtained using information of design flood, gate width and height, flow coefficient, 

crest length and crest height of the concrete dam and the embankment dams.   

 

 

Figure 1. Vertical section of the dam. 
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Figure 2. Horizontal section of the dam. 

3.1 Statistical distribution of water level related to flood 

The probability of the water level to rise above legal retention water level (rwl) is estimated to 

be approximately 3∙10
-3

. Based on the procedure described in section II:3 of PMCD, a 

cumulative distribution function (CDF) of the water level (wl), given the occurrence of water 

above rwl, was obtained, see Table 1 (e.g. the probability of exceeding +251,7 = (1-

0,437)∙(3∙10
-3

) = 0,000563). In the expressions below de = wl-rwl.  

The CDF can be divided into three parts:  

- above rwl, but below the crest of the concrete dam (de<1,5 m, i.e. wl < +252,5 m), 

- above crest of the concrete dam, but below crest of the embankment dam (1,5<de<2,5, 

i.e. +252,5 <wl< +253,5 m),  

- above crest of the embankment dam (de> 2,5 m, i.e wl > +253,5 m). 

Figure 3 show the CDF of water levels above rwl and also trapezoidal distributions describing 

the CDF in the three parts described above, with parameters according to Table 2. The 

cumulative distribution function of the trapezoidal distribution is given by  

{
  
 

  
 

1

𝑑 + 𝑐 − 𝑎 − 𝑏

1

𝑏 − 𝑎
(𝑥 − 𝑎)2            for 𝑎 ≤ 𝑥 < 𝑏

1

𝑑 + 𝑐 − 𝑎 − 𝑏
(2𝑥 − 𝑎 − 𝑏)                for 𝑏 ≤ 𝑥 < 𝑐  

1 −
1

𝑑 + 𝑐 − 𝑎 − 𝑏

1

𝑑 − 𝑐
(𝑑 − 𝑥)2    for 𝑐 ≤ 𝑥 ≤ 𝑑

 

 

(1) 

Load case ii may be solved using the trapezoidal distributions, but other solutions are also 

possible. 
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Table 1. water levels. P* = P(wl|wl>rwl) 

wl [m] P* wl [m]  P* wl [m]  P* 

251,10 0,077 252,20 0,632 253,30 0,940 

251,20 0,149 252,30 0,662 253,40 0,954 

251,30 0,216 252,40 0,690 253,50 0,965 

251,40 0,278 252,50 0,716 253,60 0,976 

251,50 0,335 252,60 0,749 253,70 0,985 

251,60 0,388 252,70 0,786 253,80 0,991 

251,70 0,437 252,80 0,821 253,90 0,995 

251,80 0,482 252,90 0,852 254,00 0,997 

251,90 0,524 253,00 0,880 254,10 0,999 

252,00 0,563 253,10 0,904 254,20 0,999 

252,10 0,599 253,20 0,924 254,30 1,000 

 

Table 2. Parameters of trapezoidal distribution of de. 

 Part 1 Part 2 Part 3 

A -0,100 -0,100 -1,000 

B 0,000 0,500 0,600 

C 3,200 3,000 3,100 

Min [m] 0 1,5 2,5 

Max [m] 1,5 2,5 3,5 
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Figure 3. Diagram showing CDF of de, i.e. water levels above rwl. Series 1 is the original 

series, as presented in Table 1. 

4 Tasks to solve 

The tasks to solve in the problem were: 

1. Estimate the deterministic factor of safety for sliding considering 2 failure modes:  

(a) sliding along the dam-foundation contact, and  

(b) sliding along an existing joint in the foundation.  

 

For each failure mode, the factor of safety shall be calculated in 2 situations:  

(i) normal load case, and  

(ii) flood load case.  

 

In the normal load case water is at retention water level (rwl), the dam is subject to an 

ice load of 200 kN/m acting 1/3 m below rwl. In the flood load case water is at the 

dam crest level, with no ice load present. Uplift in the concrete-rock contact is 

assumed according to standard procedure, with no reduction since there are no drain 

holes. In the rock joint a linear pressure distribution from reservoir level to 

downstream level is assumed. 

2. Define limit state functions for the 2 failure modes considered:  

(a) sliding along the concrete-rock contact and  

(b) sliding along a rock joint in the foundation.  

3. Estimate the probability of failure for the 2 failure modes considered for  

i) a normal design situation and  

ii) for an exceptional design situation (flood).  

 

In total, 4 probabilities of failure have to be provided. 

4. Present sensitivity values for all 4 cases. 

5. Estimate the system reliability of the monolith (for both limit states and both design 

situations). 
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6. Consider that two additional shear tests are performed on the concrete/rock contact to 

determine the basic friction angle. How does this change the failure probability of the 

normal design situation for sliding along the concrete-rock contact? 

Limit states and design situations as well as statistical distributions of input variables are 

described in PMCD [5]. Reading instructions were given as an appendix.   

5 Participants 

Theme D had 6 contributions. They came from Universities (2), consultant companies (3) and 

one was from a mixture of research institute and software developer. A reference solution was 

performed by KTH. In Table 3, the calculation method and the program used for the 

probabilistic calculation is also indicated.  

 

Table 3. Participants; Authors, affiliation, country, calculation methodology and calculation 

program.  

Authors Institution Country 

Calculation 

methodology*/ 

Program 

Gonzalez-Canales, J.L., 

Escuder- Bueno, I. & 

Morales-Torres, A. 

Universidad Politécnica de 

Valencia (UPV) & iPresas Spain MC/Excel 

Goldgruber, M., Lampert, 

R. & Hinterdorfer, D.  DYNARDO Austria 

FORM, 

MC/ANSYS 

optiSlang 

Hovde, E., Strand, M., 

Konow, T. & Engseth, M.  Olav Osen AS Norway FORM/SOFiSTiK 

Meghella, M. & Polidoro, 

F. 

Ricerca sul Sistema 

Energetico (RSE) Italy MC/Palisade @Risk 

Marence, M. & 

Evangeliou, P.  

UNESCO IHE / PÖYRY , 

DIANA FEA BV  

The 

Netherlands 

DARS/DIANA 

FEA 

Pereira, R., Batista, A.L. 

& Neves, L.C.  

Universidade Nova de 

Lisboa, Laboratório Nacional 

de Engenharia Civil, 

Nottingham Transportation 

Engineering Centre 

Portugal & 

United 

Kingdom FORM/MatLab 

Westberg Wilde, M., 

Johansson, F. & Rios 

Bayona, F.  KTH Sweden 

FORM 

(MC)/COMREL 
*MC = Monte Carlo simulation, FORM = first order reliability method, DARS = directional adaptive response surface.  
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6 Theory on reliability analysis 

For the following sections some concepts in reliability analysis are introduced. For further 

information see textbooks on structural reliability, e.g. Melchers [7].  

Each possible failure mode is described by a limit state function   

Z = G(x) (2) 

where  x = x1,… xn are basic variables. Failure occur when G(x) = 0.  

The probability of failure may be expressed as 

   




0)(

0)(

x

xxx

g

Xf dfGPp  
(3) 

where fX(x) is the probability density function. For independent normal random variables and 

linear limit state functions it is possible to make analytical integration of equation (2) to get 

the probability of failure  

    
















 


G

G
f GPp

0
0x  (4) 

Table 4 show the relationship between safety index, β, and probability of failure, pf.  

 

Table 4. Relationship between safety index, β, and probability of failure, pf. 

pf  0.5 10
-1

  10
-2

  10
-3

  10
-4

  10
-5

  10
-6

  10
-7

  10
-8

  10
-9

  

β 0 1.28 2.33 3.09 3.72 4.26 4.75 5.20 5.61 6.0 

 

Hasofer & Lind [6] suggested to linearize the limit state function in the so called ‘design 

point’ in standard normal space. The Hasofer-Lind safety index is thus defined as 

2/1

1

2min 







 



n

i

iy  (5) 

where yi represent the coordinates of any point on the limit state surface. The point giving the 

minimum safety index  is the ‘design point’, in the following denoted y
*
.  

The design point represents the point of maximum likelihood for the failure domain and the 

zone of the failure surface closest to y
*
 gives the greatest contribution to the total probability 

content in the failure region. i are the direction cosines of the design point, as illustrated in 

eqn (x), and the coordinates of y
*
 can be written 

 iiy   (6) 

  1...
2/122

1  n  (7) 

i represent the sensitivity of the standardized limit state function to changes in yi.  
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Figure 4.  Direction cosines αi of the design point for a linear 2D limit state function. 

For a structure consisting of several elements, or where each element may experience several 

failure modes, the system failure is determined by a system analysis.  

Series systems fail when one element fails. For an uncorrelated series system the failure 

probability is given by  

𝑃𝑓 = 1 −∏(1 − 𝑃(𝐸𝑖))

𝑛

𝑖=1

 (8) 

While for a fully correlated series system  

𝑃𝑓 = 𝑚𝑎𝑥𝑖=1
𝑛 𝑃(𝐸𝑖) (9) 

When sensitivities are known the correlation between failure modes i and j can be calculated 

according to  

𝜌𝑖𝑗 =∑𝛼𝑖𝑘𝛼𝑗𝑘

𝑛

𝑘=1

 (10) 

Then more narrow bounds for the system reliability may be found.  

In design standards target reliability index βtarget is usually defined; i.e. if the safety index β of 

the structure exceeds βtarget the structure is considered safe enough.  In PMCD βtarget is defined 

as 4.8 for a dam with high consequences in case of failure, and 5.2 for a dam with extreme 

consequences. These values are considered valid for Swedish conditions.   

  

gL(y)=0


y1

y2

y* 1

2
1
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7 Reference solution 

In the following section a solution made by the authors from KTH is presented in more detail 

to give some reference to a possible solution. This solution is referred to as R in the diagrams 

in the discussion of the results in section 8. The reference solution is one possible solution and 

other assumptions and solutions may be equally correct. 

7.1 Assignment 1, safety factor  

In this section. results from the reference solution is presented. The load situation is shown in 

Figure 5 and loads acting on the concrete/rock interface are presented in Table 5 and 6.  

 
Figure 5. Loads acting on a) the concrete/rock interface and b) rock joint at normal water 

levels. For higher water levels Hw and U are increased. 

 

Table 5. Load calculation in reference solution, failure mode 1 (concrete/rock interface).  

Parameter Normal wl Flood wl 

 

Fx [kN] Fz [kN] Fx [kN] Fz [kN] 

Self-weight, G   67445   67445 

Hydrostatic 

pressure. us, W 
-34186 

 

-38574   

Hydrostatic 

pressure ds, Wds 
566 404 566 404 

Uplift   -30419   -32096 

Ice load, I -2400       

Anchor, A   11664   11664 

Sum -36021 49094 -38009 47417 

In the reference solution the friction angle was based on mean values of the input data from 

PMCD, i.e. ϕb = 35° and i = 15°. 

The result for normal water level is  

492



 

 

𝐹𝑜𝑆 =
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠

𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠
=
𝐹𝑧 ∗ tan(𝜙𝑏 + 𝑖𝑐)

𝐹𝑥
=
49094 ∗ tan (35 + 15)

36021
= 1.62 (11) 

For the flood wl FoS= 1.49.  

Similarly, for failure mode 2 (sliding along a rock joint) values on the loads according to 

Table 6 were obtained and the Fos were 2.17 for the normal wl and 1.76 for the flood wl. 

 

Table 6. Load calculation in reference solution, failure mode 2 (rock joint). All loads are in 

kN.  

 Normal wl and ice load Flood wl 

Parameter Fv FH FT FN Fv FH FT FN 

Concrete, 

G 
67445 

 
23068 63378 67445  23068 63378 

Rock, Gr 36461 
 

12471 34263 36461  12471 34263 

Hydrostatic 

pressure, W 

 

-64449 -60562 22043 
 

-70424 -66177 24087 

Hydrostatic 

pressure 

ds, Wds 

 566 532 194  566 532 194 

vertical 

water 

pressure 

404 
 

138 380 404  138 380 

Uplift, Ud    
-56898    -59256 

Ice load 
 

-2400 -2255 821  0 0 0 

Sum   -24892 64374   -30507 64163 

 

7.2 Assignment 2 – limit state functions 

For the concrete-rock interface the following limit state functions are used for the reference 

solution  

𝐺 = 𝑅 − 𝑆 

where 

𝑅 = (𝐺 − 𝑈d ∙ 𝐶 − +𝐴 − Δ𝐴) ∙ 𝑡𝑎𝑛(𝜙b,c + 𝑖c) 

𝑆 = 𝑊 + 𝐼 − 

(12) 

the parameters are G = self weight, Ud = Uplift pressure based on linear reduction, C = 

parameter to account for uplift variations, Uds = uplift part with no reduction, A = vertical 

force from anchor, A = losses in pre-stress of anchor, b,c = basic friction angle, ic = dilation 

angle, W is the hydrostatic pressure on the upstream side, I is the upstream ice load and Wds is 

the resisting forces on the downstream side from downstream water level. The limit state 
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function for normal and exceptional water levels are similar, although uplift and hydrostatic 

pressure are increased, and ice load is no longer present. 

 For the joint in the rock mass, the following limit state apply 

𝐺 = 𝑅 − 𝑆 

Where 

𝑅 = (𝐺 + 𝐺r) ∙ cos𝛼 + (𝑊 + 𝐼 −𝑊ds) ∙ sin𝛼 − (𝑈d ∙ 𝐶 + 𝑈ds)) ∙ tan(𝜙b,c + 𝑖c) 

𝑆 = (𝑊 + 𝐼 −𝑊ds) ∙ cos𝛼 − (𝐺 + 𝐺r) ∙ sin𝛼 

(13) 

Where Gr is the self weight of the rock wedge formed by the joint. 

7.3 Assignment 3 – probability of failure 

Parameter definition for the probabilistic analysis has a major influence on the final results.  

According to the instructions of the assignment, input data was to be based on the PMCD. 

The following table presents the parameters used in the reference solution, these are based on 

PMCD:  

Table 7. Random variables in reference solution.  

Parameter Distribution 

Mean value; standard deviation (or 

parameters of distribution) 

Concrete density, δc Normal 23.5; 0.8 

Ice load, I Lognormal  80;80 

Maximum ice load, IM Normal 250; 25 

Friction angle, tan ϕb,c Normal 0.7; 0.031 (35°;1.75°) 

Dilation angle, tan ic Lognormal 0.268; 0.0524 (15°;3°) 

Jacking force, A Normal 1080; 81 

Losses of pre-stress, ΔA Normal 108; 32.4 

Uplift , Ud, Uds Normal 1;0.05 

tan ϕb,F Normal 0.625;0.044 (32°;2.5°) 

tan iF Lognormal 0.141; 0.06 (8°;3°) 

Rock density, δr  Normal 26.5; 0.06  

Exceptional wl, de Trapezoid 

part 1: -0.1;0;0;3.2. Part 2: -0.1;0.5;0.5;3. Part 

3: -0.1; 0.6; 0.6; 3.1 

For the exceptional limit state information of water levels had been given as input (see Figure 

3 and Table 1). The probability of the water level to rise above rwl was given as 3·10
-3

.  

The reference solution was calculated using COMREL [8] and the First-Order Reliability 

method (FORM).  

For the reference solution the results of each calculation are shown in Table 8 and the 

calculation to define the final results is presented.  
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Table 8. Step wise presentation of results in reference solution.  

FM wl β Pf P(load) 
 

Pf·P(load) β Pf β 

1 i (normal) 4.52 3.05E-06 P (wl≤rwl) ≈ 1 
 

3.05E-06 4.52 3.05E-06 4.52 

 

ii (exceptional) 

part 1 
3.64 1.36E-04 

P(0<de<1.5|de>0)* 

P(de>0)= 

7.16e-1*3e-3 = 

2.15E-03 2.92E-07 5.00 

5.80E-06 4.38 
 

ii (exceptional) 

part 2 
2.64 4.17E-03 

P(1.5<de<2.5|de>0)* 

P(de>0) = (0.964-0.716)*3e-

3= 

7.44E-04 3.10E-06 4.52 

 

ii (exceptional) 

part 3 
2.01 2.23E-02 

P(2.5<de|de>0)* 

P(de>0) = 

(1-0.964)*3e-3 = 

1.08E-04 2.41E-06 4.57 

2 i (normal) 5.06 2.12E-07 P (wl≤rwl) ≈ 1 
 

2.12E-07 5.06 2.12E-07 5.06 

 

ii (exceptional) 

part 1 
4.13 1.81E-05 

P(0<de<1.5|de>0)* 

P(de>0) = 

7.16e-1*3e-3 = 

2.15E-03 3.90E-08 5.37 

1.08E-06 4.74 
 

ii (exceptional) 

part 2 
3.18 7.29E-04 

P(1.5<de<2.5|de>0* 

P(de>0) = 

(0.964-0.716)* 

3e-3 = 

7.44E-04 5.42E-07 4.88 

 
ii (exceptional) 

part 3 
2.60 4.65E-03 

P(2.5<de|de>0)* 

P(de>0) = 

(1-0.964)*3e-3 = 

1.08E-04 5.02E-07 4.89 

 

7.4 Assignment 4 – sensitivity values  

In the reference solution sensitivities are presented according to the definition by Hasofer & 

Lind presented in section 6. Sensitivity values in the reference solution are presented in Table 

9.  

Table 9. Sensitivity values in reference solution.  

 

Failure mode 1 dam-foundation 

contact 

Failure mode 2 joint in 

the foundation 

Parameter 

Normal design 

situation 

Exceptional 

design 

situation 

Normal 

design 

situation 

Exceptional 

design 

situation 

Concrete density, δc 0.53 0.5 0.51 0.48 

Ice load, I -0.3 

 

-0.19   

Maximum ice load, Im -0.02   -0.01   

tan ϕb 0.41 0.39     

tan ic 0.57 0.6     

Jacking force, A 0.23 0.21     

Losses of pre-stress, ΔA -0.09 -0.09     

Uplift, C -0.28 -0.28 -0.33 -0.33 

Exceptional wl, de   -0.33   -0.3 

tan ϕbF     0.63 0.58 

tan iF     0.41 0.45 

Rock density, δF     0.15 0.14 

β 4.52 4.38 5.06 4.74 
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7.5 Assignment 5 – Series system 

A concrete dam may be regarded as series system of several possible failure modes, failure in 

either way will lead to the failure of the structures. Hence the system reliability is determined 

by combining the failure modes.  

Failure in failure mode 1 (along the interface) may occur either at normal water levels or at 

water levels above rwl. The same is true for failure mode 2.  

For the reference solution the following results were obtained (see also Table 11). 

Table 10. Summary of results of reference solution. 

Failure mode/ 

Load case 
Pf  β 

FM1/ normal 3.05E-06 4.52 

FM1/ flood 5.80E-06 4.38 

FM2/ normal 2.12E-07 5.06 

FM2/ flood 1.08E-06 4.74 

Calculation for a fully correlated series system:  

𝑃𝑓 = 𝑚𝑎𝑥𝑖=1
𝑛 𝑃(𝐸𝑖) = 5.8 · 10

−6 , i.e. β = 4.38 (i.e. determined by FM1, flood) 

Calculation for an uncorrelated series system:  

𝑃𝑓 = 1 −∏ (1 − 𝑃(𝐸𝑖))
𝑛
𝑖=1 = 1 − (1 − 3.05 · 10−6)(1 − 5.8 · 10−6)(1 − 2.12 · 10−7)(1 −

1.08 · 10−6) = 1.01 · 10−5, i.e β = 4.26 

The difference between the maximum and minimum reliability bounds is rather small and the 

simple bounds above are considered detailed enough.  

7.6 Assignment 6  

By using Bayesian updating the á-priori distribution µ´~ (35; 1.75) or tan ϕb (0.7; 0.031), can 

be updated. In the below tan ϕb  is updated, as tan ϕb defined used in PMCD. The mean value 

of the two tests (n=2) are m =0.767. 

For a variable with normal distribution and known natural variation (here 0,03 => σ = 

0.7*0,03=0.021) the updated (posterior) mean value, E(µ´´), and variance, Var(µ´´), may be 

calculated according to:  

𝐸(𝜇´´) =
𝑚∙𝑉𝑎𝑟(𝜇´)+𝐸(𝜇´)∙(

𝜎2

𝑛
)

𝑉𝑎𝑟(𝜇´)+(
𝜎2

𝑛
)

=
0.767∙0.0312+0.7∙(

0.0212

2
)

0.0312+(
0.0212

2
)

= 0.755  
(14) 

 

𝑉𝑎𝑟(𝜇´´) =
𝑉𝑎𝑟(𝜇´) ∙ (

𝜎2

𝑛
)

𝑉𝑎𝑟(𝜇´) + (
𝜎2

𝑛
)
=
0.0312 ∙ (

0.0212

2
)

0.0312 + (
0.0212

2
)
= 0.00018 

(15) 
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The total COV is given by the statistical uncertainty and the natural uncertainty  

𝐶𝑂𝑉�̅�|𝑋
2 ≈  𝐶𝑂𝑉𝑖𝑛neb,  �̅�

2 + 𝐶𝑂𝑉𝑠𝑡𝑎𝑡, �̅�
2  

= 0.00018/0.755
2
 + 0.03

2
 = 0.00121 

COV = 0,0349 

(16) 

So the final updated friction angle has mean E(µ”)=0.755 and standard deviation s(µ”) 

=0.026. In degrees this is ϕb’’ ~N(37; 1.51) °. If the updating is instead performed for the 

friction angle itself, the final result is mean value 37.1° and standard deviation 1.3°.  

When the updated tanϕb’’ is included in the probabilistic analysis the safety index is increased 

from 4.53 to 5.356 compared to when the original ϕb was used.  

8 Results and discussion of results 

In the following section results from each assignment are presented. Before the benchmark 

workshop the authors sent original contributions. After the benchmark workshop authors had 

the opportunity to update their calculations and send revised contributions. The results 

presented below are the revised results. Original results are commented in the text. It should 

be noted that most authors did only small changes in their revised contributions.  

The names of authors are intentionally left out and only numbers (1-6) are given. The same 

number refers to results by the same author throughout the synthesis. The reference solution 

presented in section 7 is referred to as R.   

After presentation of the results of each assignment, a short discussion of the results is given.  

8.1 Assignment 1 – safety factor 

Summary of results 

The following table shows results of the deterministic solutions. For the deterministic analysis 

no actual guidance was given on how to perform the calculation and how to define the factor 

of safety (FoS). All authors have defined it as  

𝐹𝑜𝑆 =
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠

𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠
=
𝐹𝑧 ∗ tan (𝜙b)

𝐹𝑥
 (17) 

In the probabilistic assignment the friction angle is defined as 

𝜙 = 𝜙b + 𝑖c (18) 

and most authors have made the same interpretation for the deterministic analysis.  

Figure 6 show a summary of the results. Only minor changes were made between original and 

results. 
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Figure 6. Summary of safety factors (assignment 1).  

Discussion on assignment 1 

Even though the authors have defined factor of safety in similar ways, there are large 

differences in the final result.  

One explanation is related to the assumptions of friction and dilation angle. In the reference 

solution mean values were used, but other assumptions may be justified, e.g. a “cautious 

estimate” lower than the mean value, a characteristic value (often defined as 2 standard 

deviations lower than the mean). This is illustrated for failure mode 1 in Table 11, assuming 

standard deviations according to PMCD (1,75° for ϕb and 3° for i). Similar results apply to 

failure mode 2, as illustrated by Table 12.  

Table 11. Variation in results related to assumption of friction and dilation angle, failure mode 

1 (concrete/rock interface). 

 

 

 

 

 

 

 

Table 12. Variation in results related to assumption of friction and dilation angle, failure mode 

2 (rock joint). 

 

mean 

value 

-1 

std.dev 

-2 

std.dev 

ϕb+ic 40 34.56 29.12 

tan( ϕb+ic ) 0.84 0.69 0.56 

FoS normal 2.17 1.78 1.44 

FoS flood 1.76 1.45 1.17 

1

1.2

1.4

1.6

1.8

2

2.2

2.4

F
o

S
 

FM1, normal        FM1, flood      FM2, Normal       FM2, Flood  

R

1

2

3

4

5

6

 

mean 

value 

-1 

std.dev -2 std.dev 

ϕb+ic 50 46.95 41.81 

tan( ϕb+ic ) 1.19 1.03 0.89 

FoS normal 1.62 1.41 1.22 

FoS flood 1.49 1.29 1.16 
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In addition, different authors defined parameters differently; e.g. concrete density was higher 

in some cases, most authors included downstream water, one did not, etc. Even small 

differences in parameters affect the safety factor. As an example, increasing the concrete 

density from 23.5 kN/m
3
 to 24.5 kN/m

3
 result in an increase of the safety factor from 1.62 to 

1.72. 

The revisions made to the original contributions were related to erroneous calculation of 

uplift, to low anchor force, etc. One author had (in both the original and revised version) used 

a too high water level in the flood case, which gave low safety factors in those cases. 

All of these different choices affect the final result. One conclusion is that for the factor of 

safety to be an appropriate measure it needs to be extremely well defined, both in how it is 

derived and how parameters are defined. Even for a simple case as the one in the present 

example there are several decisions to be made, each affecting the final result.  

8.2 Assignment 2 – limit state functions 

Authors have defined the limit state functions G either as  

𝐺 = 𝑅 − 𝑆 

Or 

𝐺 =
𝑅

𝑆
− 1 

 

where R is the resistance and S the load effect. One author performed a coupled FE-analysis 

and defined G of the interface as   

𝐺 = 1 − 𝑞 = 1 −
𝜏

𝜏mc
, 𝜏mc = 𝑝 ∙ tan (𝜑tot) 

Where p is the normal traction and φtot  = ϕ + i  

Discussion 

Limit state functions have been defined similarly; most presenters defined it as G = R-S, some 

have used G = R/S-1 and one used  G = 1-S/R. These definitions should produce the same 

result, and hence the definitions of limit state functions are not considered to have a major 

influence on the end result.  

8.3 Assignment 3 – probability of failure 

The result of assignment 3 is presented as the safety index β in Figure 7 and Table 8.  
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Figure 7. Summary of results of assignment 3.  FM1 = failure in dam-foundation interface, 

FM2 = failure in joint. 

 

Table 13. Results of assignment 3. FM1 = failure in dam-foundation interface, FM2 = failure 

in joint. 

Load case R 1 2 3 4 5 6 

FM1 normal  4.52 2.14 3.7 4.6 4.53 2.65 5.03 

FM1 , flood 4.38 2.75  3.9 4.06 4.67 2.4 3.62 

FM2, normal 5.06 
 

4.47 5.78   5.62 5.44 

FM2, flood 4.74 3.73 4.59 5.26 5.54 5.02 4.31 

Comment on 

result 

 ϕ, i
*
 ϕ, i

*
,  

ds wl
**

 

ϕ, i
* 

ice 

~trap.
***

 

ϕ, i
*
 Low ϕb.   

*
 ϕ, i are random variables, not tan ϕ, tani see further discussion below 

**
ds wl not included in resisting forces 

***
 ice has trapezoidal distribution 

Discussion of results 

As noted from the above presentation of results there is a variation between different authors. 

For failure mode 1 (interface) and normal load case the variation in the revised contributions 

was = 2.14 – 5.03. Most authors did only small corrections compared to the original 

contribution, where the results were 1.96-5.89. Of the seven results presented, five were 

1

2

3

4

5

6

7




      FM1, normal            FM1, flood          FM2, normal             FM2, flood  

R

1

2

3

4

5

6
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within the range 3.7-5 and three were within 4.5-4.6. Of the two very low results, one applied 

a lower mean value of ϕ, while no reason has been possible to determine for the other, as 

definition of random variables are similar to that of other authors. 

For failure mode 1 (interface) and flood load case results are in the range of 2.4-4.7; four of 

the results are within the range 3.6-4.7.  

For failure mode 2 (joint) and normal load case results are in the range 4.5-5.8 (five results).  

For failure mode 2 (joint) and flood load case results are in the range 3.7-5.5, while four 

results are within the range 4.6-5.3.  

The differences in results of failure mode 1 (in the concrete/rock interface) can be explained 

to some extent by the following:  

 Participants have used somewhat different variables 

o Concrete density (mean values 23.5 to 24.5, coefficient of variation 0.034 to 

0.04).   

o Lower mean value of tanϕb ,equal to 0.61 in one case (others used 0.7) 

(unknown reason) 

 Definition of friction and dilation angle is important;  

o Some used tan𝜙b~N(0.7; 0.031) and tan𝑖~LN(0.27; 0.052)  

o Some used 𝜙b~N(35; 1.75) and 𝑖~LN(15; 3) 

o The result of using; tanϕ and tani as the random variable is approximately an 

increase in β of 0.3-0.5 compared to using ϕ and i as the random variable.  

o The correct trigonometrical function to add the angles is  

tan(𝜙 + 𝑖) =
tan𝜙b+tan𝑖

(1−tan𝜙btan𝑖)
  

 Ice load proved to be a difficulty;  

o In some programs it is not possible to truncate to limit the maximum ice load. 

o Some participants haven’t truncated, while some truncated to a lower value 

than 250 kN/m. 

 One author did not include the downstream water level in resisting forces.  

Calculation of failure probability was done in different software. Some used commercial 

software, some used in-house developed software/codes. The choice of software should not 

have effect on the result, although in some programs it is not possible to define parameters in 

the same way as in other programs, and truncation of the ice load proved to be impossible in 

some programs. Thus the choice of program may affect the result to some extent.  

Different calculation methods was used;  
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 First Order Reliability Method (FORM) which is a commonly used approximate 

method where the limit state surface is linearized in the design point and β is 

determined from the distance from origin to the design point 

 Monte Carlo simulation (MC) which is a simulation method that is simple to use, but 

where a large number of simulations are necessary to produce reliable results.  

 Directional adaptive response surface (DARS) was used by one author in combination 

with a FE-analysis. In short this method defines sample points in the stochastic space 

that are ”nearly” critical. These points lie in the vicinity of the limit state surface and 

have a major contribution to the probability of failure. For non-critical sample points 

the response of the surface is approximated by a polynomial that replaces 

computationally expensive non-linear calculations for non-critical sample points, 

hence reducing the computation time but with negligible influence on the estimated pf. 

Many of the authors using FORM double checked some of the results using MC-simulation. 

The choice of calculation method may affect the result but is not expected to be of major 

importance.  

Less variability was noted in result for failure mode 2 (rock joint) β = [4.47-5.78] for normal 

water levels. It should be noted, however, that two authors did not get failures for this failure 

mode (using Monte Carlo simulations).  

In the flood load case the definition of the failure mode itself proved difficult. In the reference 

solution the flood load case is considered in the following way, de is the water exceeding the 

legal retention level.   

𝑃(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|𝑓𝑙𝑜𝑜𝑑) = 𝑃(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|𝑤𝑙 > 𝑟𝑤𝑙) ∙ 𝑃(𝑤𝑙 > 𝑟𝑤𝑙)
= 𝑃(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|0 < 𝑑𝑒 < 1.5 𝑚) ∙ 𝑃(0 < 𝑑𝑒 < 1.5𝑚) + 

𝑃(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|1.5 < 𝑑𝑒 < 2.5 𝑚) ∙ 𝑃(1.5 < 𝑑𝑒 < 2.5𝑚) + 

(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|2.5 < 𝑑𝑒) ∙ 𝑃(𝑑𝑒 > 2.5𝑚) 

(19) 

In the reference solution it is considered that 

𝑃𝑓 = 𝑃(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|𝑤𝑙 = 𝑟𝑤𝑙) ∙ 𝑃(𝑤𝑙 = 𝑟𝑤𝑙) + 𝑃(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|𝑤𝑙 > 𝑟𝑤𝑙) ∙ 𝑃(𝑤𝑙 > 𝑟𝑤𝑙) (20) 

 The first part is the “normal” water level and the second part is the “exceptional” water level.  

Some of the authors also included failure for water levels at or below the legal water retention 

level in the calculation (without ice load), and hence received higher probability of failure. 

The correct interpretation is a matter of further debate.  

To sum up there is a variation between results from different solutions. Some of the 

differences are likely explained by the different approaches to the random variables and 

calculations discussed above. Parts of the differences are likely explained by different 

definitions that are noticed already in the variation of the safety factor. 
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8.4 Assignment 4 – sensitivity values 

The definition of sensitivity values was somewhat different between authors. 

Most authors presented sensitivity values in the same way as Hasofer & Lind (see section 7), 

while some authors presented sensitivities in [%]. To make comparisons easier all sensitivity 

values have been transformed into sensitivities as defined according to section 7.  

In Figure 8, sensitivity values for failure mode 1 at normal water levels are shown. In Figure 9 

sensitivity values for failure mode 2 at normal water levels are shown.  

 
Figure 8. Sensitivity values for Failure mode 1 (concrete-rock interface) at normal water 

levels.  

 

 
Figure 9. Sensitivity values for Failure mode 2 at normal water levels.  

Discussion of results 

There were differences in the value for sensitivities, but the parameters with the main 

influence were ϕb and ic . Concrete density was also important.  
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For failure mode 2 (rock joint), there were more of a “consensus” in sensitivities. Most 

authors defined ϕF as the most important, followed by and iF  and concrete density. Some 

authors found iF to be the most important factor.  

8.5 Assignment 5: System reliability 

The results presented by the authors are shown in Table 14. Some authors presented one 

safety index for the whole system, some presented one for each load case (hence not for the 

complete system). In the table below, safety index of each failure mode are presented along 

with that for the whole system. One author presented upper and lower probability bounds.  

Table 14. Results of system reliability.  

  R 2 3 4 5 6 

βfm1_normal 4.52 3.7 4.6 4.53 2.65 5.03 

βfm1_flood 4.38 3.9 4.06 4.67 2.4 3.62 

βfm2_normal 5.06 4.47 5.78   5.62 5.44 

βfm2_flood 4.74 4.59 5.26 5.54 5.02 4.31 

βsystem [4.26-4.38] 3.7 4.06 [4.44-4.53] 1.97 3.61 

 

Discussion of results 

The calculation of system reliability is dependent on the previous calculation of failure 

probability of each failure mode and load case. The differences in those result is the reason for 

different results for the system reliability. As shown in the reference solution the difference 

between the maximum safety index (given by a fully correlated system) and the minimum 

safety index (given by an uncorrelated system) is not very large, indicating that more narrow 

bounds are not necessary to apply. None of the authors used more narrow bounds, neither did 

they discuss correlation between the failure modes.   

8.6 Assignment 6: updating of shear capacity 

The results of the updating are presented in Table 15. In the original the mean value varied 

between 36.2-37.1 and the standard deviation from 0.68-2.13. As can be seen in the below 

table there are still differences in the updated values.  

Table 15. Summary of results of reference solution. 

  R 2 3 4 6 

Updated ϕb 37.1; 1.5 37.1; 1.27 37.1; 1.31 37.1;0.683 36.13; 1.94 

original β 4.53 3.7 4.6 4.53 5.03 

updated β 5.35 4.48 4.89 - 5.38 

 

Discussion of results 
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Including test results is one of the best ways to increase the safety or improve the conception 

of the level of safety, since tests can give a better estimate of the mean value and the 

variability. As shown in the present case, the improved knowledge from a few tests may be 

the difference between considering the structure unsafe or safe; for the present dam type the 

target safety index in PMCD is 4.8 as discussed in section 6. The results also show that 

updating is tricky, as can be seen by the varying results of the updated ϕb presented by the 

different authors.  

9 Discussion 

Assignment 1 was to determine the factor of safety. Analysis of the present results show that 

the authors had defined the FoS in similar ways, but use somewhat different approaches how 

to account for uplift, definitions of friction angles, concrete density and downstream water 

level etc. Even small variations of these variables and parameters may significantly change 

the factor of safety.. The variation in results in the deterministic analysis implies that even a 

simple deterministic FoS must be very carefully defined to be an estimate of safety. Without a 

careful definition the factor of safety may be expected to vary depending on the engineer 

performing the calculations. Even for a simple case, as the one in the present example, there 

are several decisions to be made, each affecting the final result. 

The results are in line with the results in Valencia [4] where it was concluded that even the 

relatively simple assignment of defining a deterministic safety factor resulted in varying 

results. In Valencia the definition of the safety factor was identified as one contributing factor 

(defined as a ratio of forces or as a ratio of strength parameters), and comparison between 

different definitions were concluded to not be straightforward and in need of careful analysis. 

Another point made was that the impact of the choice of characteristic values is significant.  

Definition of limit state functions proved to be relatively straight forward, as the limit states 

were defined in PMCD. But it should be noted that uplift and downstream water level was not 

defined in the same way by all authors. This comes to show how strong is the impact of 

engineering background and how engineers keep tied to the way things have always been 

done in the environment they are familiar with. 

Choices of parameters was less straight forward. Parameters are defined in PMCD, even so 

there is a variety of different choices made for different parameters by the authors. The most 

difficult parameter was the ice load, where both the distribution type and maximum possible 

value was challenging, e.g. some software could not deal with truncation. For future updates 

of PMCD changes of the ice load definition may be appropriate. 

Results of the probabilistic calculations were varying, in the original solution the results 

ranged from β = 2-5.9. There are several explanations for this, some likely already noted in 

the estimation of the safety factor; but also due to definition of parameters (concrete density, 

prestress, tanϕ), definition of friction angle (statistical distribution on ϕ or tan(ϕ)), definition 

of ice load, downstream water level etc. Some revisions were made in the calculations after 

the Benchmark, reducing the range of the results to β = 2.1-5. Of the seven results presented, 

five were within the range 3.7-5 and three were within 4.5-4.6. Of the two very low results, 

one applied a lower mean value of ϕ, while no possible reason has been possible to determine 

for the other, as definition of random variables are similar to that of other authors.  

Sensitivity values also varied to some extent, but the most important factors were similar.  
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In the calculation of the system reliability, the differences in result from assignment 2-4 were 

reflected. In general there is no need to estimate more narrow bounds for a series system when 

one failure mode is dominant, simple bounds assuming full or no correlation is enough. For a 

parallel system (when two or more elements/failure modes are necessary for the system to 

fail) more narrow bounds are generally necessary.  

Bayesian updating proved to be a tricky task, where especially results of the updated standard 

deviation varied. One conclusion is, however, that the updating of the friction angle is 

rewarding in terms of increasing the safety index due to the reduction in epistemic 

uncertainties.  

The aim for the Probabilistic Model Code for Concrete Dams is to be a framework for a 

systematic approach for reliability-based assessments. To be a reliable method, consistency in 

results is important. There are variations in the presented results. Most of the variation can be 

explained due to different approach and definition of variables and load/resistance values. 

Hence, in the end the result comes down to a through work by the person making the 

assessment.  

10 Concluding remarks 

For a probabilistic methodology to be trustworthy it should produce stable results and it 

should be possible to reproduce the results. The probability-based calculation process 

involves several decisions concerning limit state function, design situations and parameters, 

which may imply difficulties to obtain this. The aim of the Probabilistic Model Code for 

Concrete Dams is to provide a framework to a systematic approach for probabilistic analysis 

and thereby act as a guideline in this process.  

As was expected already before the benchmark workshop, the presented results have a 

variation. This clearly shows the need of a well defined methodology where decisions are 

transparent and the results can be repeated and verified.  

The result of the benchmark shows that the PMCD is successful as a guideline in this process, 

but that further development is necessary. It could be seen in the contributions that limit state 

functions and random variables, in most of the cases, were defined in the same way. Some 

difficulties among the contributions were found to be on how to model the ice load, how the 

friction angle should be described and how water levels above retention water level should be 

modelled.  

The theme formulators therefore are of the opinion that the PMCD has the possibility to act as 

a guideline in the stability assessment of concrete dams, although some updating and more 

experience of using the model code is necessary. More benchmarks of similar characteristics 

are thus believed to be a good way forward and a A broader discussion among practitioners 

would also be beneficial in reaching a “consensus” on how to perform reliability-based 

assessments. 
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ABSTRACT: Structural reliability design is not a common used analysis and safety assessment 
method in concrete dam design. Uncertainties in the material behavior definition and also in loading 
are mostly neglected and the structure is validated based on the deterministic approach resulting in the 
deterministic safety factor determination. Probability-based methods considering uncertainties in the 
material and loading and define the variables by stochastic distributions. One of the assignment 
defined for ICOLD Benchmark Workshop 2017 set an objective to estimate the probability failure of 
an existent gravity dam. 
This paper shows the solution of the specified assignment with the nonlinear finite element method 
using Response Surface Method (RSM) implemented in the DIANA FEA (Displacement Analyzer) 
multi-purpose finite element software package. The finite element model includes assigned 
discontinuities, steel anchors, seepage pore pressure distribution and also defined nonlinearities. The 
results and answers on the assigned task questions are presented. Applied methods verify that the finite 
element method is valid and applicable in combination with the probability theory and give valuable 
results. Also the applied Directional Adaptive Response Surface (DARS) method provided the results 
with limited number of analyses and practicable time effort.  
This paper was compiled through the cooperation between IHE Delft, DIANA FEA BV and PÖYRY 
Energy GmbH. 

1 Introduction 
The deterministic approach, common in dam design, validates that the structure is tolerant to 
identify faults and /or hazards that lie within the design requirements by defining the limits of 
the safe operation. This approach gives the safety margin based on the fix defined design 
parameters without considering the uncertainty in loading and resistance. The probabilistic 
approach aims to provide a realistic estimate of the risk presented by the facility and could 
also be used to confirm the validity of the deterministic safety assessment. 
For improvement and implementation of the probability theory in the dam design, the 14th 
International Benchmark Workshop of Numerical Analysis of Dams (2017) organized by 
International Committee of Large Dams defined a design assignment [4] with the objective to 
estimate probability failure of an existing concrete gravity dam using the Probabilistic model 
code for concrete dams [6].  
The workshop assignment defines the problem of a three-dimensional block of the concrete 
gravity dam with a width of 12-meter and a height of 25.6 meter. The dam is founded on the 
sound rock mass with very irregular contact surface, defined as a possible sliding plane. An 
additional sliding plane, as inclined rock joint is defined in the rock mass. The dam structure, 
the foundation surface and the deep joint are shown together with the developed finite 
element model in Figure 1. The original assignment specifies the modeling procedure based 
on the theory of probabilistic design and reliability based calculations. This paper solves the 
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same problem using fully three –dimensional coupled flow-stress finite element model and 
applying the directional adaptive response surface full probabilistic method [2]. The method is 
fully implemented in the DIANA FEA (Displacement Analyzer) multi-purpose finite element 
software package [1]. 

1.1 Description of the dam-foundation superstructure 
The original model followed the defined geometry considering asymmetric dam geometry, 
discrete pre-stressed rock bolts, rough foundation surface, predefined rock joint and 
surrounding foundation rock. The material parameters have been defined in the assignment 
and assumed elastic except the two contact surfaces; rough dam foundation surface and deep 
inclined rock joint that are defined as elastoplastic discontinuities. Likewise, the pre-stressed 
rock bolts are also assigned with elastoplastic characteristics for the bond-slip interface. 
The static loading includes the dead weight of all structure, the hydrostatic water loading on 
the upstream and downstream dam side of the dam, the dam uplift pressure on the foundation 
surface and the ice loading. The upstream water load has been defined as a statistical variable 
related to the flood event. The uplift pressure on the dam rock contact surface is assumed with 
a linear distribution from dam toe to the dam heel, not considering the grout curtain or 
drainage. The ice loading is acting at 1/3 m below the retention water level[6]. 

  

 

 
Figure 1: Original model including the rock anchors and applied model with idealized dam-foundation contact 

1.2 Modeling approach 
The two interfaces; the dam-foundation interface and the deep inclined rock joint are 
geometrically modeled as defined in the assignment; the geometrically rough surface on the 
dam-foundation contact and smooth surface by the deep inclined joint. 
The modeling of the rough contact joint represented a special challenge. Based on the defined 
geometry and especially elastic characteristics of the surrounding concrete and rock mass 
unrealistic discontinuity behavior has been generated. In the reality deformation (sliding and 
opening) of such joint under the defined vertical and horizontal forces would fail in the 
combination of shearing and decoupling of the discontinuity, but also plastic deformation, 
crushing and cracking, in the surrounding material. The original assignment excludes 
consideration of such complex failure model on the rough discontinuity. This assignment 
limitation required adaptation of the proposed FE model, and for the further consideration, 
dam-foundation contact surface has been modeled as a smooth surface connecting designed 
dam toe and hell. This surface is, based on the pre-defined geometry, slightly inclined – by 
approximately 2°, in the downstream direction. 
The macro-roughness of the dam-foundation interface and the rock joint are modeled by use 
of their dilation angles, 𝑖𝑐 and 𝑖𝐹 respectively. Therefore, the initially rough dam-foundation 
profile, [Fig. 1], is smoothened out by simulating its macroscopic roughness with the dilation 
angle 𝑖𝑐 , [Fig. 3]. The deep inclined discontinuity in the rock mass has not been modified and 
is modelled using original geometry and specified strength characteristics. The strength of 
both joint surfaces is defined by the zero-tension Mohr-Coulomb friction. No Cohesion model 
is specified in assignment. 
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Post-tensioned reinforcement anchors – six in number with jacking force of 2160 kN each – 
run vertically through the dam body. The long-term prestressing force is reduced to 1944 kN. 
The anchors are anchored in the rock mass beneath the dam foundation level, not intersecting 
the deep inclined joint. In the dam body anchors are modeled as a free anchor, not connected 
to the dam body. The pre-stressing force is transferred in the dam volume by anchor plates 
located on the dam crest surface. The post-tensioning process is performed is two phases: pre-
stressing and locking of the anchor [5]. The position of the anchors with free length (blue) and 
anchored length (red) is shown in Figure 1. 
Instead of applying hydrostatic uplift loads, the actual pore water pressures are generated by 
steady-state groundwater flow analysis (seepage) and coupled with the nonlinear structural 
analysis, standard procedure in DIANA FEA [1]. The performed procedure implements 
calculated uplift pressures in the stress calculation and allows an automatic link between the 
water level and uplift. This link is especially attractive for probabilistic calculations. In detail, 
a probabilistic distribution function can be applied to all water loads – hydrostatic and pore 
pressures – by simply applying these functions on the water level. Moreover, this link is 
especially valuable in case of different materials with permeability and action of pressure 
reduction measures as grout curtains or drainage.  

1.3 Reliability approach 
Dam structures are systems with complex structural behavior. However, in many cases, such 
complex behavior may not be rigorously assessed by use of existing analytical models. Such 
treatment may lead to increased model uncertainty and, consequently, to considerable bias in 
the reliability estimation. Therefore, this calls for using of nonlinear finite element analysis 
(NLFEA).  
Traditional probabilistic approaches coupled to finite element analyses determine the global 
safety factor by use of deterministic models. In specific, the deterministic approach provides 
the safety against failure based only on the mean realizations of the load and resistance 
parameters. Further, in the semi-probabilistic approach, the global safety factor is determined 
by performing calculations only for extreme realizations of the load and resistance 
parameters. This is the treatment that, currently, most finite element programs apply for 
reliability assessment.  
However, the notion that such treatment can be considered representative of all possible 
scenarios of structural response, while based only on extreme and mean realizations of the 
stochastic parameters, is not true in most cases. Hence, the rigorous assessment of structural 
reliability by the traditional probabilistic finite element approach is questionable.  
Coupling nonlinear finite element analysis with a full probabilistic approach can be 
challenging due to the required computational effort of both approaches. Especially in the 
case of Monte Carlo Simulation, such a coupling becomes practically not applicable. The 
solution, in this case, is given by the Response Surface Method (RSM). The RSM provides 
the necessary efficiency for coupling of NLFEA and full probabilistic analysis. Such a 
coupling is carried out by the DIANA FEA software by means of a Directional Adaptive 
Response Surface (DARS) method. 

1.4 Directional Adaptive Response Surface (DARS) method  
The Directional Adaptive Response Surface (DARS) method– a full probabilistic method – is 
a refinement of the Directional Sampling method, implemented in the DIANA FEA software. 
In detail, instead of performing a complete calculation for each sampled point in the stochastic 
space, computations are only carried out for sampled points that are `nearly' critical. These 
points lie in the vicinity of the limit state surface and have a major contribution to the 
probability of failure. For non-critical sampled points, the response of the structure is 
approximated by a polynomial called the Response Surface Function (RSF). The constructed 
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RSF replaces the computationally expensive NLFEA’s for non-critical sampled points, thus 
drastically reducing the computation time with negligible influence to the estimated structural 
reliability. Therefore, DARS enables the efficient and robust coupling of full probabilistic 
analysis to nonlinear finite element analysis in order to compute structural reliability.  
Specifically, in DARS, the sampling process is carried out in directions in the independent 
standard normal space, U-space, [Fig. 2]. Along each sampled direction the distance λi to the 
limit state surface (LSS), G=0, is calculated. Assuming a chi-squared distribution of all the 
evaluations of λi, an unbiased estimation of the mean probability of failure, 𝑃𝑓, is given by 
[Eq. 3] in [3]. An estimate of the variation of 𝑃𝑓 is given by [Eq. 4] in [3]. The resulting 
coefficient of variation, of Pf , namely 𝐶𝑂𝑉𝑃𝑓

, is used as a measure for the convergence and 
accuracy of DARS. Once the desired 𝐶𝑂𝑉𝑃𝑓

is reached the sampling process stops. 
 

 
Figure 2: DARS method in U-space 

 
Figure 3: Total friction angle model; friction & dilation 

To find the limit state surface along each direction, a line search technique is applied where 
multiple points are sampled along each sampled direction. For each sampled point the limit 
state function, G, is evaluated; this is called Limit State Function Evaluation (LSFE). Each 
LSFE will be carried out by either an NLFEA or using the RSF, referred to as exact-LSFE 
and approximate-LSFE respectively. Naturally, the former is computationally expensive while 
the latter is drastically cheaper. Whether an exact-LSFE or an approximate-LSFE will be 
carried out depends on the distance λi to the limit state surface along the respective sampled 
direction; respectively, the applied line search (LS) can be called exact-LS or approximate-
LS, [Fig. 2]. 
For a small λi  the contribution to the probability of failure is significant and, thus, an exact 
LSFE is carried out. For a large λi  the contribution to the probability of failure is not 
significant and an approximate-LSFE is carried out. The RSF used for the approximate-
LSFE’s is constructed by fitting a polynomial to the existing exact-LSFE’s. The constructed 
polynomial consists of linear, quadratic and cross-terms for each of assumed random 
variables; plus an additional constant term. The output of each exact-LSFE is used to update, 
by re-fitting, the RSF. Thus, the quality of the RSF is continuously improved. This leads to 
decreasing the number of computationally expensive exact-LSFE’s and simultaneously 
maintaining the robustness of the full probabilistic approach. 

2 Deterministic model 
Prior to the probabilistic analysis, the deterministic model of the dam has been build. It is 
essential that the actual deterministic model provides sufficient accuracy and robustness for 
various realizations of its parameters that will be assumed as stochastic during the subsequent 
probabilistic analysis. 

2.1 Finite element model 
The three-dimensional geometry [Fig. 1], with a smooth profile of the dam-foundation 
contact, is modeled for the finite element analysis. Based on the assignment [4] definition, the 
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materials of the dam and the underground have been specified as elastic with material 
parameters specified in [Tab. 1]. The pre-stressed bolts and two discreet discontinuities are 
modeled as elasto-plastic materials. Defined loads are applied on the model [Figure 4]. The 
material characteristics and the supposed models are defined in following sub-chapters.  
 

Table 1: Mean material parameters 

Material 
 
 

Type 
 
- 

Density 
 
[ kg/m3 ] 

Modulus of 
elasticity 
[ N/m2 ] 

Strength 
 
[ N/m2 ] 

Poisson 
ratio 
- 

Constitutive 
behavior 
- 

concrete rcc 2350   20.0E+09     20.0E+06 0.15 linear elastic 
rock fractured 2650   10.0E+09     10.0E+06 0.15 linear elastic 
steel strands 7850 195.0E+09 1860.0E+06 0.30 v.Mises hardening 

 

  
Figure 4: Loads on dam:  hydrostatic loads, groundwater flow potentials and ice load (left), and jacking forces (right) 

2.2 Coupled flow-stress analysis versus hydrostatic uplift loads 
The pore water pressure in the numerical model could be simulated by the hydrostatic uplift 
load with assumed distribution or defined as a result of coupled flow-stress analysis. The 
coupled flow-stress analysis determines the uplift pressures more precise and is used in the FE 
model. [Fig. 5] 
Total pressure head and pore pressure due to groundwater flow generated by flow-stress 
analysis are presented on Figure 5. Assignment [4] assumption of homogenous underground 
model determines linear distribution of the pore pressures along the both defined 
discontinuities. 
 

  
Figure 5: Seepage analysis: total pressure head (left), pore water pressure (right) 

2.3 Pre-stressed anchors with bond-slip model 
The pre-stressed anchors are modeled as reinforcement steel bar embedded in the surrounding 
material. The steel bar is modeled with an elastoplastic material. The pre-stressed bar 
embedded in the rock mass (anchorage length) and runs free in the dam (free length). The pre-
stressing force applied on the dam crown is transferred through the anchorage plates in the 
surrounding dam volume and additional compressive force is generated between the dam 
crown and the anchored part of the anchor. Since the latter lies beneath the dam-foundation 
contact, the additional compressive force produces an additional normal force on the dam-
foundation contact surface. Along the anchorage length, the pre-stressed anchor is connected 
to the surrounding rock mass by the zero-thickness interface, generated automatically, and 
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assigned with elasto-plastic behavior by use of the cubic function model by Doerr [1], 
implemented in DIANA [1]. In general, this interface simulates the weakest contact plane; 
steel-grout contact, grout plane, grout rock contact or failure in the rock mass around the 
anchor [5]. 

2.4 Coulomb friction model and sliding failure criterion 
The Coulomb friction model is used to model the shear behavior of the interfaces. The 
cohesion is in assignment assumed zero [6]. The opening (contact loss) of the interfaces is 
modeled by use of zero-tension behavior. The determination of the linear elastic normal 
stiffness, 𝑘𝑛, of each interface is based on the stiffness of the surrounding materials and  the 
mesh element size. The tangential stiffness, 𝑘𝑠, is determined by use of a rule of thumb based 
on 𝑘𝑛 . The criterion used to denote sliding failure is: 
 

𝑞 =
𝜏

𝜏𝑚𝑐
    ,    𝜏𝑚𝑐 = 𝑐 + 𝑝 ∙ tan(𝜑𝑡𝑜𝑡)   ,    𝜑𝑡𝑜𝑡 =  𝜑 + 𝑖  , 0 ≤  𝑞 ≤ 1.0 (1) 

  
where 𝑝 is the normal traction, 𝜏 the combined shear tractions acting on the interface, 𝑐 the 
cohesion (here 𝑐 = 0), 𝜑 the friction angle and 𝑖 the macro-roughness angle [Tab.2]. The sum 
of the friction, 𝜑, and the dilation angle, 𝑖, is defined as the total friction angle, 𝜑𝑡𝑜𝑡, [Eq.1]. 
Due to the applied Coulomb friction model, the limit state function 𝑞 cannot exceed the value 
of 1.0 . When 𝑞 = 1.0, the frictional capacity of the interface is fully exploited and sliding 
occurs. When 𝑞 = 0.0, opening of the joint occurs. 

  
Figure 6: Sliding & opening of dam interface for 70% of the mean total friction angle: sliding failure criterion, [Eq.1]; 

retention water level & ice load 

  
Figure 7: Sliding & opening of rock joint for 40% of the mean total friction angle:  sliding failure criterion, [Eq.1]; retention 

water level & ice load 

  
Figure 8: Sliding & opening of contacts; sliding failure criterion q, [Eq.1]; no anchors (left), mean prestressing force (right); 

retention water level & ice load 
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3 Reliability assessment 

3.1 Random variables 
Both resistance parameters and action effect parameters are assigned with stochastic 
properties. The specific random variables are determined according to PMCD guidelines [6]. 
Analytically, the random variables and their stochastic properties are given on [Tab. 2]. The 
friction and dilation angle are considered fully correlated ( 𝜌 = 1)  within the same 
discontinuity; dam interface or inclined rock joint, but they remain independent for the two 
connections. All other random variables are considered fully independent (𝜌 = 0). Note that 
the friction angle and the dilation angle are combined into the total friction angle according to 
[Eq. 1]. The additional water level that exceeds the retention water level (rwl) during potential 
flood events is assigned with an exponential function, as also suggested in PMCD [6]. 

Table 2: Stochastic parameters for assumed random variables; according to PMCD [6] 

Random 
variables 

Units Notation Stochastic 
distribution 

Mean 
value 

Standard 
deviation 

Coefficient 
of variation 

friction angle, 
 dam interface 

rad 𝜑𝑏.𝑐 lognormal 0.61 
( 35 ̊ ) 

0.0305 
( 1.75 ̊ ) 

    5.0% 

dilation angle, 
 dam interface 

rad 𝑖𝑐 lognormal 0.262 
( 15 ̊ ) 

0.0523 
( 3 ̊ ) 

20.0% 

friction angle, 
 rock joint 

rad 𝜑𝑏.𝐹 lognormal 0.558 
( 32 ̊ ) 

0.04 
( 2.25 ̊ ) 

    7.0% 

dilation angle, 
 rock joint 

rad 𝑖𝐹 lognormal 0.140 
( 8 ̊ ) 

0.056 
( 3.2  ̊) 

  40.0% 

concrete density kg/m3 𝜌𝑐 normal 2350 94     4.0% 
rock density kg/m3 𝜌𝑚 normal 2650 53     5.4% 
post-tensioning 
loads (long-term) 

N 𝑃∞ normal 1.944E+06 1.944E+05   10.0% 

water level > rwl m 𝑑𝑒 exponential 1.2 1.2 - 

3.2 Preliminary study of sliding failure 
A study is carried out in order to gain preliminary insight of the sliding behavior of the model 
for various realizations of the total friction angle, 𝜑𝑡𝑜𝑡 , [Eq.1], [Tab.2]. Specifically, the 
influence of the total friction angle, 𝜑, and dilation, 𝑖, angles on the sliding failure of each 
interface have been examined. Moreover, this study checks different types of behavior: 

 system behavior vs component behavior 
 opening (zero-tension) interfaces vs closed interfaces (slip only) 

Details of the examined models are given in Table 3. The two variables,  𝜑 , and 𝑖 , are 
considered fully dependent since the aim is to realize the threshold. 
 

Table 3: Model types, [Fig. 11] 

Model Interface Behavior Discontinuities Examination 
   dam-found. rock joint  
intf1 dam-found. sliding, opening active rigid component 
intf2 dam-found. sliding, opening active active system 
rjnt1 rock joint sliding, opening rigid active component 
rjnt2 rock joint sliding, opening active active system 
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Figure 9: Dam interface; normalized total friction angle Vs sliding failure criterion [Eq.1]; sliding failure for q=1.0 

3.3 Task 1 – Deterministic factor of safety for sliding 
The deterministic factor of safety (NLFEA) is derived as follows: 

𝑠𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =  
1.0

𝑞
 (2) 

In this case, 𝑞 is derived by [Eq.1] for the mean material values of the assumed stochastic 
material parameters, [Tab. 2]. Two design situations, as specified in the assignment, are 
examined. For the first, normal operation water level defined as the retention water level is 
applied while for the second the flood as an exceptional water level is applied. For the latter, 
the ice load is not acting on the dam monolith, as defined in the assignment. The deterministic 
safety factors for defined loading cases on both interfaces; dam-foundation and inclined rock 
joint are specified in Table 4. 
 

Table 4: Deterministic safety factors; sliding of dam interface & rock joint for normal & exceptional design situations 

Load case Water level 
[m] 

Examination Deterministic factor of safety, [Eq.2] 
[Tab. 3] dam-foundation rock joint 

normal 24.13 component 1.55 2.11 
flood 25.63 component 1.59 2.30 

 

3.4 Task 2 – Limit state functions for each failure mode 
The limit state functions (LSF), 𝐺1 and  𝐺2 , used for sliding of the dam interface and the rock 
joint, respectively, are:  
 

𝐺1 = 1.0 − 𝑞1        ,        𝐺2 = 1.0 − 𝑞2 (3) 

where 𝑞1 and  𝑞2 are computed by [Eq. 1] for the dam-foundation interface and the inclined 
rock joint respectively. The two LSF’s form a series system; as soon as one LSF fails – 
sliding of dam interface, 𝐺1 ≤ 0, or sliding of rock joint, 𝐺2 ≤ 0 – dam monolith system fails.  

3.5 Task 3 – Probability of failure for each failure mode (component reliability) 
For this task, it is required to carry out a component reliability calculation. Thus, the two 
interfaces are examined separately; when one interface connection is active, the other is 
modeled as rigid. The limit state functions of [Eq. 3] are used, respectively. The random 
variables used for each case are displayed in [Fig. 10,11], [Tab. 2]. Based on the computed 
𝐶𝑂𝑉𝑃𝑓

, the accuracy of the probabilistic results is considered sufficient, especially for the 
smaller values of 𝑃𝑓 . The reason for the increased number of NLFEA calculations in the 
examination of the rock joint during a flood event [Tab. 5], is the increased number of random 
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variables. This leads to a more complex limit state surface and a response surface polynomial 
extended with additional terms that require additional NLFEA results to be fitted to.  

Table 5: Probability of failure for sliding failure of interfaces; component examination 

Water Sliding Probability Reliability No. of LSFE Variation 
level failure of failure index exact approximate of 𝑷𝒇 
ℎ𝑤𝑙 𝑞 𝑃𝑓 𝛽𝑑𝑒𝑠𝑖𝑔𝑛 (NLFEA) (RSF) 𝐶𝑂𝑉𝑃𝑓

 

retention dam-found. 0.561E-02 2.65 65 2013 29.1% 
joint       0.166E-06 5.23 74 4268 70.1% 

flood dam-found. 0.217E-01 2.40 95 1222 28.8% 
joint       0.154E-05 5.02 179 1832 78.8% 

3.6 Task 4 – Sensitivity values 
The sensitivity values are derived by the direction cosines at the estimated design point. In 
other words, these values represent the normalized projection of the estimated design point on 
the axis of the corresponding random variable [Fig. 10,11]. This result is directly provided in 
the output of the probabilistic analysis with DIANA FEA. Further investigation of these results 
has to be carried out by applying FORM analysis to the resulting RS of each case. 

  
Figure 10: Sensitivity values for assumed random variables, [Tab. 2]; component reliability analysis of the dam-foundation 

interface; retention water level (left), flood water level (right) 

  
Figure 11: Sensitivity values for assumed random variables, [Tab. 2]; component reliability analysis of the rock joint; 

retention water level (left), flood water level (right) 

3.7 Task 5 – System reliability of dam block 
Both joints or interfaces are active and the failure modes, represented by the limit state 
functions [Eq. 3], form a series system. Once one joint fails the dam-foundation system is 
considered to have failed. 
Based on the computed  𝐶𝑂𝑉𝑃𝑓

, the accuracy of the probabilistic results is considered 
sufficient, especially for the smaller values of 𝑃𝑓. In the same manner with Chapter 3.5, the 
increased NLFEA computations required here owe to the increased complexity of the limit 
state surface which occurs because of the increased number of random variables and limit 
state functions.  
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Table 6: Probability of failure against sliding of both interfaces; system examination 

Water Sliding Probability Reliability No. of LSFE Variation 
level failure of failure index exact approximate of 𝑷𝒇 
ℎ𝑤𝑙 𝑞 𝑃𝑓 𝛽𝑑𝑒𝑠𝑖𝑔𝑛 (NLFEA) (RSF) 𝐶𝑂𝑉𝑃𝑓

 
retention system 0.717E-02 2.45 155 2959 32.3% 
flood system    0.311E-01 1.97 232 1672 34.8% 

4 Conclusions 
The assignment, defined for the workshop, has been modeled and calculated by the Finite 
Element Method. The presented method shows that the probabilistic theories could be used 
and the reliability of the dam structure could be estimated. Applied Response Surface Method 
implemented in the DIANA FEA [1] represents suitable and also effective dam design tool.  
The method and presented results could be summarized as follows: 

 Coupling of NLFEA with the full probabilistic analysis is enabled in an efficient 
manner by using the DARS method.  

 Uplift pressure, especially by complex ground conditions and measures for uplift 
pressure reduction, is more effective and accurately defined by coupled flow-stress 
analysis. The method allows automatic implementation in the probabilistic calculation.  

 The defined discontinuity model allows opening and sliding deformations on the 
predefined plane. Based on the definition and also because of installing anchors the 
opening of the predefined planes was suppressed and have less on the global behavior. 

 Most important and sensitive parameter for the sliding failure is a total friction angle. 
 The dam-foundation joint is less reliable to sliding failure. This statement supports the 

decision to apply prestressing of the dam through the dam-foundation joint and just in 
the area below the dam-foundation contact surface.  

 This reliability examination can easily be extended with more limit state functions in 
order to examine more failure modes, as for example: pull-out of the anchor, 
overturning of dam block, failure of concrete or rock. 

 In DIANA FEA the model uncertainty can be included as an additional random variable 
at the level of the limit state function. 

All this shows that the finite element method, also by three-dimensional models is becoming 
an effective and fast tool for the reliability assessment.   
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ABSTRACT: In this paper the sliding failure probability of a Swedish gravity dam monolith, under 
different load conditions, has been evaluated by the Montecarlo method. Two limit-state functions 
defining the sliding stability were considered, assuming probabilistic distribution functions for the 
main static loads acting on the dam (ice, jacking force, hydrostatic and uplift pressures, dead weight) 
as well as for the mechanical properties at the concrete-rock interface and rock-joint (friction and 
dilation angles). Failure probability values Pf and reliability indexes β, for different failure modes, 
have been calculated and compared with the acceptable target safety index for the structure under 
consideration, according to the Swedish code. Finally, the Bayesian updating procedure, to reduce the 
uncertainty associated with the estimation of the mean value and standard deviation of the friction 
angle at the concrete-rock interface, has been used and Pf and β have been consequently updated. 

1 Introduction 
The interest for the application of reliability-based methodology for risk assessment of 
concrete dams increased in the last years. As an example in the 2011 ICOLD Benchmark was 
firstly formulated a theme with the aim to estimate the probability of sliding failure of a 
concrete dam using reliability techniques enabling to deal the uncertainties affecting the 
parameters describing the dam-foundation system. However, many open issues still remain as 
the need to improve the level of confidence required to handle the different types of 
uncertainties. Following the Sweden project for the diffusion of the reliability-based 
methodology in the design and assessment of concrete dams, the “XIV International 
Benchmark Workshop on Numerical Analysis of Dams”, was launched with the aim to 
increase the interest and confidence in risk analysis. In this framework, the objective of 
Theme D is to estimate the probability of failure of an existing concrete gravity dam by using 
the guidelines provided by the “Probabilistic Model Code for concrete Dams (PMCD)” [1].  
 

2 Dam data 
The dam is a 25.6 m high concrete gravity dam located in the north part of Sweden. The 
monolithic width is 12 m, reinforced with six anchors. An inspection gallery is located in the 
dam body, but no drain holes are present. The dam is built for hydropower purposes and water 
is held close to the retention water level (rwl) most of the time. Due to its location in the 
North of Sweden, the dam is subject to ice load. Plan view and cross sections of the dam are 
shown in the Figure 1, while the main geometrical data are reported in Table 1 [2]. 
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Figure 1- Plan view and vertical sections of dam. 
 

Table 1 - Main geometrical data of dam.  
 
Parameter  Symbol Unit Value 
Concrete volume  Vc m3 2870 
Rock wedge volume   Vr m3 1376 
Rock-joint angle   
Dam height  

α 
H 

degree 
m 

20 
25.6 

Up-stream water retention level  
Down-stream water level  

Hup 
Hds 

m 
m 

24.1 
3.1 

Dam width  D m 12 
Dam section-length  L m 19 
 

3 Model definition 

3.1 Loadings 
The  following loadings, acting on the 3D rigid model, have to be taken into account: 
 

- dead weight of dam and of rock wedge; 
- up-stream and down-stream hydrostatic pressures; 
- jacking force (for sliding along the dam-foundation only, see Figure 1); 
- uplift pressure; 
- ice (for normal load case only, see section 3.2). 
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3.2 Failure modes  
Failure probabilities were calculated with reference to the following failure modes:  
  

- sliding along the dam-foundation contact; 
- sliding along an existing joint in the foundation. 

 
For each failure mode, depending on the reservoir water level, two load conditions have been 
analyzed: 
 

- normal load case, i.e. water in the reservoir at the retention water level; 
- flood load case, i.e. water in the reservoir above the retention water level. 

3.3 Random variables  
The random independent variables considered in the analysis are reported in Table 2; each 
variable, with the exception of de, is described by normal or log-normal distribution, with 
mean μ and standard deviation σ [1] [2].  
 

Table 2 - Random variables models.  
  

Variable Symbol Unit Distribution  μ σ 
 
Concrete density 

 
ρc 

 
kg/m3 

 
Normal 

 
2446  

 
98  

Rock density ρr kg/m3 Normal 2657  15  
Jacking force Po N/m Normal 1.08E+6  5.4E+4  
Losses of jacking-force ΔP N/m Normal 1.08E+5  3.24E+4  
Param. for variable part of uplift C - Normal 1 0.05 
Up-stream water level above rwl de m Triangular see Tab.3 see Tab.3 
Ice load I N/m Log-normal 8.0E+4  8.0E+4  
Maximum ice load  Imax N/m Normal 2.0E+5  2.0E+4  
Friction angle concrete-rock Φb,c degree Normal 35  1.75  
 Φ’b,c degree Normal 37.1 (*) 0.683 (*) 
Dilation angle concrete-rock ic degree Log-normal 15 3 
Friction angle rock-joint Φb,F degree Normal 32 2.5 
Dilation angle rock-joint iF degree Log-normal 8 2.9 
      
(*)Updated values of μ and σ after share tests.  
 
In order to reduce the uncertainty associated with the estimation of the mean value and 
standard deviation of the friction angle at the concrete-rock interface, two additional share 
tests have been considered, resulting in basic friction angles of 37° and 38°. The expected 
value E(μ’) and variance Var(μ’) of the basic friction angle, as result of the Bayesian updating 
procedure, are calculated as follows: 
 

𝐸𝐸(𝜇𝜇′) =  
𝑚𝑚 𝑉𝑉𝑉𝑉𝑉𝑉(𝜇𝜇)+𝐸𝐸(𝜇𝜇)𝜎𝜎

2

𝑛𝑛

𝑉𝑉𝑉𝑉𝑉𝑉(𝜇𝜇)+𝜎𝜎
2
𝑛𝑛

                                                                  (1) 

and 

𝑉𝑉𝑉𝑉𝑉𝑉(𝜇𝜇′) =  
𝑉𝑉𝑉𝑉𝑉𝑉(𝜇𝜇)𝜎𝜎

2

𝑛𝑛

𝑉𝑉𝑉𝑉𝑉𝑉(𝜇𝜇)+𝜎𝜎
2
𝑛𝑛

           (2) 
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being E(μ) and Var(μ) the expected value and variance of the normal prior distribution (E(μ) 
= 35°, Var(μ) = (1.72)2 = 3.063), m the mean of tests (37.5°), n the number of observations 
(2), σ the standard deviation (σ = E(μ) VΦb  = 1.05°, with VΦb = 0.03 the coefficient of 
variation of the on-site measurements). With these assumptions follows: E(μ’)= 37.1° and 
Var(μ’)= 0.47. 
 
In case of flooding the probabilistic distribution function of water level (wl) is assumed to be 
triangular; the following water level conditions have to be considered [2]: 
 

1. Water level above rwl but below the crest of the concrete dam: de ≤1.5m  
 
2. Water level above crest of the concrete dam, but below crest of the embankment 
dam: 1.5m < de ≤2.5m, 
 
3. Water level above crest of embankment dam: de > 2.5m  

 
The parameters of triangular distributions are reported in Table 3. 
 

Table 3 - Parameters of triangular distributions. 
 

 1 2 3 
A -0.1 -0.1 -1.0 
B 0.0 0.5 0.6 
C 3.2 3 3.1 

de min (m) 0 1.5 2.5 
de max (m) 1.5 2.5 3.5 

 

3.4 Limit state functions 
The limit state function G, expressed as a function of the random independent variables, is 
obtained by balancing, along the sliding surface, the resistance forces and the driving forces. 
On the base of failure modes assumed, the following equations for G are derived: 
 

Gb,c = N tg(Φb,c+ ic) – T                                                (3) 
 
for the failure at rock-concrete interface and 
 

Gb,F = N tg(Φb,F + iF) – T                                             (4) 
 
for the failure at rock-joint interface, being N and T the resultants of normal and shear loads 
acting on the un-bounded contact surface, and Φb,c, Φb,F, ic, iF friction and dilation angles. The 
contribution of cohesion is not considered in this model of dam. 

4 Failure probability and reliability index 
The sliding failure probability Pf is obtained as: 
 

Pf = P(G ≤ 0)                                                                 (5) 
 
The total failure probability is calculated as follow: 
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                                                            Pf = Pf1+Pf2+Pf3                                                                                           (6) 
where: 
 
   Pf1 = P(f|de≤1.5) P(de ≤1.5) = P(f| de ≤1.5) [1 - F(de ≤1.5)] P(de>0)                                     (7) 
 
   Pf2 = P(f|1.5< de ≤2.5) P(1.5< de ≤2.5) = P(f|1.5< de ≤2.5) [1 - F(1.5< de ≤2.5)] P(de>0)    (8) 
 
   Pf3 = P(f| de > 2.5) P(de > 2.5) = P(f| de > 2.5) [1 - F(de > 2.5)] P(de>0)                               (9) 
 
The first term of each of the above equations is calculated by running a Montecarlo 
simulation, the second term is provided by the cumulative density function of the water level 
F(de) of Figure 2, given the occurrence of water level above rwl, and the last term is the 
annual probability of occurrence of water level to rise above the legal water retention level, 
P(de>0), which is a data provided by the Theme D formulators and it is equal to 3x10-3 [2].  
 
 

 
 

Figure 2 - Cumulative density function of the water level above rwl. 
 
The reliability index is then obtained by the following relation: 
 
                                                                   β = - Φ-1 (Pf)                                                        (10) 
 
where Φ-1 denotes the inverse distribution function of the standardized normal distribution. 

5 Numerical results  

5.1 Factor of safety 
The sliding safety factors (SSF), defined as ratio of the resultant of resistance forces to the 
driving forces along the sliding surface, for each failure mode and load case, are reported in 
the Table 4. In flood conditions, sliding safety factors were evaluated by assuming the water 
level at the dam crest (+252.5 m). 
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Table 4 - Sliding safety factors. 
 

Location of sliding surface Load case SSF 
function value 

along dam-foundation 
normal 

SSFb,c = N tg(Φb,c+ ic) / T 
1.73 

flood 1.52 

along existing joint 
normal 

SSFb,F = N tg(Φb,F + iF) / T 
2.21 

flood 1.84 

5.2 Probability of failure 
Estimation of the failure probabilities of the monolithic dam, in normal load and flood load 
conditions, were provided by means of Montecarlo simulations, using the commercial 
software @RISK [3]. For each load case, a total of two million simulations were run.  
 
Values of the failure probabilities Pf  and reliability indexes β are summarized in the following 
Table 5. In the same table values of Pf  and β calculated by considering share tests, to update 
the estimation of the friction angle mean value Φb,c, and its uncertainty σ, are also included.   
 

Table 5 - Probabilities of failure Pf  and reliability indexes β. 
 

Location of sliding surface Load case Pf β 

along dam-foundation 

normal 2.9x10-6 4.53 
normal (share tests) 0 ∞ 

flood 1.55x10-6 4.67 
flood (share tests) 3.31x10-8 5.40 

along existing joint 
normal 0 ∞ 
flood 1.55x10-8 5.54 

 
Estimation of the monolith failure probability Pf, dam was derived by using the simple 
reliability bounds method for an ideal series system [4]:  
 
                                   𝑚𝑚𝑉𝑉𝑚𝑚𝑖𝑖=1𝑛𝑛 𝑃𝑃𝑓𝑓 (𝐸𝐸𝑖𝑖) ≤ 𝑃𝑃𝑓𝑓,𝑑𝑑𝑉𝑉𝑚𝑚 ≤ 1 −  ∏  [1 − 𝑃𝑃𝑓𝑓(𝐸𝐸𝑖𝑖)]𝑛𝑛

𝑖𝑖=1                           (11) 
 
being Ei the i-event of failure of dam and n the number of failure paths in the failure tree. The 
lower bound of the probability failure is the probability of the most likely path to lead to 
failure, that is, the highest probability of occurrence of a failure path (perfectly correlated 
failure paths), while the upper bound is the probability of the union of all failure paths 
(uncorrelated failure paths). From the values of failure probabilities Pf of Table 5, for normal 
load and flood load cases, results: 
 

2.9x10-6 ≤ Pf, dam ≤ 4.47x10-6 
i.e. 4.4 ≤ βdam ≤ 4.5. 

5.3 Sensitivity analyses 
Sensitivity analyses aimed to identify how a given input differently impacts each output, i.e. 
the contribution of each random variable to the value assumed by the limit state function G, 
were performed. Sensitivity values  for the random variables listed in Table 2 are shown in the 
Figure 3 and Figure 4.  
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a) b) 

  
Figure 3 - Sensitivity values for normal load cases: a) sliding surface along dam-foundation, 
b) sliding surface along existing joint.  

  
a) b) 

Figure 4 - Sensitivity values for flood load cases: a) sliding surface along dam-foundation, b) 
sliding surface along existing joint. 

5.4 Additional calculations 
In addition to what requested by the Theme D formulators, the following aspects have been 
investigated (with reference to the dam-foundation contact surface and in the normal load case 
only): 
 

i) impact of anchors on dam safety; 
ii) impact of a different random distribution for the dilation angle ic, normal instead of 

log-normal, with same mean and standard deviation. 
 
The results of these analyses are reported in the following Table 6. In the same table the 
values of Pf  and β for the case in which jacking forces are taken into account and log-normal 
distribution is assumed for ic (reference), are included for comparison purposes.   
 

Table 6 - Probabilities of failure Pf  and reliability indexes β for additional simulations. 
   

Case Aspect investigated Pf β 

i) 
ii) 

NO jacking forces  2.19x10-2 2.02 
Normal distribution for ic 4.48x10-5 3.92 

reference YES jacking forces + log-normal 
distribution for ic 2.90x10-6 4.53 
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6 Conclusions 
In this paper the failure probabilities Pf of a concrete dam, as consequence of hypothetical 
sliding along dam-foundation contact and rock-joint, were evaluated by the Montecarlo 
method. Random distributions and related uncertainties for static loads acting on the dam as 
well as mechanical properties at the sliding interfaces, were defined and implemented in the 
model. The results provided in the previous sections allow to highlight the follows: 
 

- Only the reliability indexes calculated for the sliding along the existing joint and 
reported in Table 5, are greater than the minimum target value (5.2) assumed in the 
Eurocode [5], for the ultimate limit state and a reference period of one year. The 
system reliability of the monolith is also below this target value. 
 

- Dilation angle is the random variable that mainly affect the dam safety, followed by 
the friction angle and the concrete density.  
 

- In order to achieve reliable results by using the Montecarlo method, a high number of 
simulations are needed. In the present work two million of simulations have been used 
for each calculation. This number of simulations is able to provide reliable results for 
high values of Pf. Nevertheless, when we are looking for very low probabilities values, 
such in these cases (order of magnitude 10-6 or less), “tails effects”, when choosing the 
probability density function type for modelling the random variables, affect 
significantly the results.  
 

- The Bayesian updating of the first crude estimation of the friction angle Φb,c, by means 
of share tests, allows to better estimate the mean value (μ = 37.1° instead of 35°) and 
to reduce the uncertainty (σ = 0.68° instead of 1.75°), which definitely reduced Pf (see 
Table 5).  
 

- Differences of one order of magnitude for the failure probability are obtained if a 
normal distribution for the dilation angle ic, is used in place of a log-normal 
distribution (Pf = 4.48x10-5 for normal, Pf = 2.9x10-6 for log-normal).  
 

- When jacking forces are not considered, that is the situation before the strengthening 
upgrading work, the resulting reliability index is largely below the minimum target 
requested. That means that such strengthening work has been effective to increase the 
proper safety level. 
 

- When assuming normal distribution for the dilation angle ic (instead of log-normal) the 
β index decreases from 4.53 (reference case) to 3.92 (see Table 6). That highlights a 
critical aspect in using probabilistic methods for safety assessment of dams.  
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ABSTRACT: Recent efforts to develop guidelines and regulations for design and assessment of 
concrete dams from a probabilistic point of view lead to the development of a Probabilistic Model Code 
for Concrete Dams (PMCD). This work follows an increasingly interest on the potentialities of 
probabilistic-based decisions regarding dam operation, maintenance and safety assessment. Several 
working groups have been deepened knowledge on this subject leading to, in some cases, the explicit 
consideration of risk analysis for the assessment of concrete dam’s safety conditions as a support of 
decision-making processes. 
In this work, the methodology framework presented in the PMCD is tested, by estimating the probability 
of failure of an existing concrete dam. Two failure mechanisms and two loading scenarios are 
considered, and reliability is quantified at both component and system levels. At a second stage, the dam 
safety was reassessed considering that the probability density function of the friction coefficient of the 
concrete-rock interface is updated using the results of two additional shear tests. The results show that 
these tests lead to a slightly reduction (about 6.5 times) of the probability of failure, for the normal case. 
Therefore, the continuous collection of new data during the dam operation, particularly associated with 
those variables which the calculation of the probability of failure is more sensitive to, may improve the 
confidence of the engineers on the safety analysis results and support the decision-making process 
regarding the dam operation and maintenance. 

1 Introduction 

Risk-based analysis in civil engineering has gained increasingly importance in the last decades. 
As a consequence of the developments in this area, the Joint Committee on Structural Safety 
(JCSS) published in 2001 the probabilistic-based model codes [1], providing basis for a 
consistent application of reliability methods to the design and assessment of structures. 
However, in most countries, according to Ruggeri [2], the concrete dams are designed based on 
the classical deterministic approach (global safety factors), which is widely recognized as 
unreliable and inconsistent. 
In the past ten years, steps have been taken towards the study and application of probabilistic-
based principles in the safety analysis of concrete dams. Recently, the French Dams and 
Reservoirs Committee published the “Guidelines for the justification of the stability of gravity 
dams” [3] based on a semi-probabilistic approach. In Portugal, simplified stability analysis of 
a set of existing concrete dams [4], [5], considering probabilistic principles, and the uncertainty 
characterization of actions [6], [7] and material properties [8], [9], were recently done. Also, 
the limit state method was tested in the safety analysis of a discrete-element model of an existing 
dam [10]. In Spain, risk analysis approach is already used as the main tool for assessment and 
reassessment of concrete dam’s safety conditions, in a decision-making context (see [11]). In 
Sweden, several works have been published, mainly by KTH Institute researchers, on this 
subject. Also in Sweden, dam owners and authorities initiated a project to bring forth a 
reliability-based methodology for design and assessment of concrete dams. As an attempt to 
put together guidelines and regulations, the recent “Probabilistic model code for concrete dams” 
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(PMCD) [12], which shall be extensively used and tested in this workshop, follows the same 
structure as the Probabilistic model code [1]. 
The aim of this paper is to estimate the probability of failure of an existing concrete dam using 
PMCD. Two failure mechanisms and two loading scenarios are considered, being the structural 
system reliability also assessed. At the end, the dam safety is reassessed, once the probability 
density function of the friction coefficient of the concrete-rock interface is updated using the 
results of two additional shear tests performed. 

2 Reliability analysis principles 

The reliability analysis aims at quantify the probability of failure pf, of a limit state function 
G(X), given the probabilistic description of the random variables X = (x1,…, xn). The probability 
of failure, which can be seen as the hyperspace limited by G(X)<0, may be determined through 
the convolution integral [13], 
 

�� = � ⋯ � ��(��, … , ��)��� …
 

�(��,…,��)��

��� = � ��(�)��
 

�(�)��

 (1) 

 
where fX(X) is the joint probability density function of the random variables. 
The direct integration of equation (1) is only possible for very simple cases. In most practical 
applications, numerical approximations or simulation techniques are used. 
Although simulation techniques lead to exact outcomes as the number of simulations tends to 
infinite, its accuracy demands increasingly computational effort. Faster alternative 
approximation methods are often used to obtain the probability of failure.  
The first-order reliability methods (FORM) lead to exact outcomes for linear limit state 
functions and normal distributed random variables. For generic cases, an approximation of the 
probability of failure (or the reliability index) is obtained by transforming the original 
coordinate system into the standard normal space and linearizing the limit state function around 
the design point, achieved interactively.  
Figure 1 shows a scheme of the FORM procedure applied later in the study case addressed in 
the following section. In this scheme, p is a vector of the design point, u is the corresponding 
normalized vector, J is the Jacobian Matrix, α is the direction cosines, and β is the reliability 
index. 

3 Study case 

3.1 Dam geometrical characteristics 
The dam considered in this work is a 25-m high concrete gravity dam located in the north of 
Sweden. The monolith width is 12 m. An inspection gallery is located in the dam body, but no 
drainage system is installed. The dam is built for hydropower purposes and water is held close 
to the legal retention water level, rwl (Hrwl = 24.1 m), most of the time. Due to its location in 
the North of Sweden the dam is subjected to ice loads. 
Figure 2 shows the geometrical characteristics of the monolith. 
Figure 3 shows the simplified bi-dimensional dam section used for its reliability analysis. Two 
sliding surfaces along the dam-foundation interface and a rock joint inclined at 20º, 
corresponding to the failure mechanisms A and B, respectively, are tested.  
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Figure 1: FORM procedure scheme. 
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Figure 2: Geometrical characteristics of the dam monolith. 

 

Figure 3: Simplified dam section. 
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3.2 Load cases 
Two failure modes (A and B) and two load cases (I and II) are asked to be considered. Thus, 
from now on, the following acronyms refer to: 
 A. I. – Sliding along the dam-foundation interface, for the normal load case; 
 A. II. – Sliding along the dam-foundation interface, for the flood load case; 
 B. I. – Sliding along an existing rock joint in the foundation, for the normal load case; 
 B. II. – Sliding along an existing rock joint in the foundation, for the flood load case. 

3.3 Applied loads 

Dead weight 

The dead weight (per width unit), W (kN/m), of a structural part is determined by, 
 

� = � ∙ � = � ∙ � ∙ � (2) 
 
where A (m2) is the material body area, γ (kN/m3) is the specific weight of the material, ρ is the 
material density (t/m3) and g=9.81 m/s2 is the gravity acceleration. 

Rock anchors 

Active rock anchors are installed to attach the dam to the rock mass foundation, increasing the 
normal stresses in the dam-foundation interface. The pre-stressing force applied to the concrete-
rock contact is given by, 

� = �� − ∆� (3) 
 
where P0 is the jacking force and ΔP is the total losses of pre-stress. In this study case, 
P0=1080kN/m and ΔP is considered as a random variable, which is, in average, 10% of the 
jacking force. 

Hydrostatic pressure 

The hydrostatic load varies essentially according to the fluctuation of the water height, which 
depends on the environmental conditions, the discharge capacity, the dam operation 
management policy and human decisions. Variation of the water specific weight, γw = 9.81 
kN/m3, can be neglected.  
The resultant of the hydrostatic pressure, I (kN/m), is given by, 
 

� =
�� ∙ ��

2
 (4) 

 
It is considered that, in the normal load case the upstream water is at rwl. In the flood load case, 
the probability of water to rise above rwl is 3x10-3, given by,  
 

������ = ���� + �� (5) 

 
where de, the water height above rwl, is a random variable. According to the data available, an 
exponential distribution was adjusted to de, as shown in Figure 4. Although the distribution 
adjustment is not perfect, the exponential distribution is considered to model this variable. 
The downstream water height is permanently 3.1 m. 
 

531



 

Figure 4: Probability description of de. 

Ice load 

An ice layer on the top of the reservoir produces compressive stresses in the dam, varying over 
the ice thickness. Water level fluctuations, as those due to a flood, may reduce the ice load. For 
this reason, ice load is not considered in the flood load case once the flood may break the ice. 
In the normal load case, the ice load is given by a concentrated load applied 1/3 m below rwl. 

Uplift pressures 

The seepage through dam foundations induces hydraulic pressures, called uplift pressures, in 
the discontinuities surfaces reducing the shear resistance. Following the Darcy’s law, these 
pressures are included in the dam safety analysis by a linear diagram or a bi-linear diagram, if 
a drainage system is installed, with a pressure reduction in the drainage line.  
In this study case, as there are no drain holes, the uplift pressures are modelled by linear diagram 
varying from the reservoir water head, at the upstream side, to the tailwater head, at the 
downstream side. According to [12], [14] the uplift pressures shall be multiplied by a coefficient 
C, in the case of calculation of the total force, or Cm, in the case of calculation of the resulting 
moment, once there may be variations in the uplift pressure linear distribution due to the 
hydromechanical behavior of the foundation [15]. The uplift pressures are then given by, 
 

� = �� + �� + �� = [�� ∙ �� + �� ∙ (� − ��) + (�� − ��) ∙ (� − ��)  ∙ � 2⁄  ] ∙ �� (6) 
 
where Hu is the reservoir water head, Hd is the tailwater head, Lc is the length of a possible crack 
in the dam heel, due to non-compressive stresses, through which full uplift pressure is installed, 
and C is a random variable. For the computation of the resulting moment, C must be replaced 
by Cm. 

3.4 Shear strength 
Considering that there is no bond between the two contact surfaces (the contacts are broken), 
the total friction angle is given by, 

���� = �� + � (7) 
 
where ϕb is the basic friction angle of a smooth, although microscopically rough, surface, and i 
is the dilatancy angle due to the larger asperities. 
For practical purpose, often the friction coefficient is used. The friction coefficient is given by, 
 

tan(����) =
tan(��) + tan(�)

1 − tan(��) ∙ tan(�)
 

(8) 

0 1 2 3 4
0

0.2

0.4

0.6

0.8

1

Water height above rwl, de (m)

P
ro

b
ab

il
it

y
 

 

data

E(=1.0035)
Interpolation

532



3.5 Deterministic factor of safety 
Sliding stability is a function of loads and resistance which can be mobilized in any potential 
sliding plane. The limit equilibrium method is often used. In this method, the safety factor is 
expressed as the ratio between the available shear strength and the shear stress required for the 
equilibrium, i.e.,  

�� = � �� ∙ tan ���� � ���  (9) 

 
For the sliding mechanism A, the total vertical and horizontal forces are given by, 
 

� �� = �� + � − � 

� �� = �� + ���� − �� 
(10) 

 
For the sliding mechanism B, the total vertical and horizontal forces are given by, 
 

� �� = (�� + ��) ∙ cos 20° + (�� + ���� − ��) ∙ sin 20° − � 

� �� = (�� + ���� − ��) ∙ cos 20° − (�� + ��) ∙ sin 20° 
(11) 

 
where Wc and Wr are the self-weight of the concrete and rock areas, respectively, Iu is the 
upstream (reservoir) hydrostatic pressure, Id is the downstream hydrostatic pressure, Iice is the 
ice load and U is the total uplift pressure. 
Table 1 shows the characteristic values considered for the calculation of the factor of safety. 
Table 2 summarizes the factor of safety obtained for each case (A. I, A. II, B. I, B. II). 

3.6 FORM analysis 
The probability of failure was computed using the FORM procedure scheme shown in Figure 
1. For that a limit state function and random variables were defined for each case. 
The limit state function, G, considered for both failure modes, is given by the difference 
between the shear strength and the non-stabilized loads, i.e., 
 

� = � �� ∙ tan ���� − � �� (12) 

 
Table 3 summarizes the deterministic and random variables considered in the FORM analysis. 
Given that the water rise above rwl is not a certain event (pwl>rwl = 3x10-3), the probability of 
failure in the load case II, for both failure modes, is given by, 
 

��,�� = ��,������ ∙ (1 − �������) + ��,������ ∙ ������� (13) 

 
where pf,rwl is the probability of failure for the reservoir water at the rwl (coinciding with the 
load case I) and pf,wl>rwl is the probability of failure considering the raising of water above rwl 
a certain event. 
Table 4 shows the reliability index and the probability of failure for each case analyzed. 
The variation of the global safety factors computed for each case, shown in Table 2, are 
somehow different from the probability of failure obtained, proving the inaccuracy of the 
classical deterministic safety factors to deal with different sources of uncertainty and ensure 
similar safety margins. 
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Table 1: Characteristic values considered for the calculation of the factor of safety. 

Variable Characteristic value 
Concrete specific weight, γc (kN/m3) 23.5 
Rock density, ρr (t/m3) 2.65 
Upstream water height, Hu (m) 24.1, for normal load case 

25.6, for flood load case 
Downstream water height, Hd (m) 3.1 
Ice load, I (kN/m) 200, for normal load case 

0, for flood load case 
Total pre-stressed losses of jacking force, ΔP (kN/m) 108 
Uplift force coefficient, C 1 
Uplift moment coefficient, Cm 1 
Concrete-rock friction coefficient, tϕc 0.70 
Concrete-rock dilatancy coefficient, tic 0.268 
Rock joint friction angle, ϕr (º) 32 
Rock joint dilatancy angle, ir (º) 8 

 

Table 2: Factor of safety (interface crack length, x) for each case. 

 Load case I Load case II 
Failure mode A 1.61 (x = 0 m) 1.47 (x = 0 m) 
Failure mode B 2.02 1.77 

 

Table 3: Summary of deterministic and random variables. 

Variable Description 
Concrete specific weight, γc (kN/m3) N (μ = 23.5, σ = 0.80) 
Rock density, ρr (t/m3) N (μ = 2.65, σ = 0.054) 
Upstream water height, Hu 24.1, for normal load case 

24.1 + E(λ=1.0035), for flood load case 
Downstream water height, Hd 3.1 
Ice load, I (kN/m) LN (μ = 80, σ = 80), upper bounded at I = 253 

kN/m, for normal load case 
0, for flood load case 

Total pre-stressed losses of jacking 
force, ΔP (kN/m) 

N (μ = 108, σ = 3.24) 

Uplift force coefficient, C N (μ = 1, σ = 0.05) 
Uplift moment coefficient, Cm N (μ = 1, σ = 0.05) 
Concrete-rock friction coefficient, tϕc N (μ = 0.70, σ = 0.031) 
Concrete-rock dilatancy coefficient, tic LN (μ = 0.268, σ = 0.0524) 
Rock joint friction angle, ϕr (º) N (μ = 32, σ = 2.24) 
Rock joint dilatancy angle, ir (º) LN (μ = 8, σ = 3.2) 

 

Table 4: Reliability index, β (probability of failure, pf) and crack length at the design point, x. 

 Load case I Load case II 
Failure mode A β = 5.03 (pf = 2.43 x10-7) 

x = 0 m 
β = 3.62 (pf = 1.47 x10-4) 

x = 0.02 m 
Failure mode B β = 5.44 (pf = 2.65x10-8) β = 4.31 (pf = 8.30x10-6) 
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Figure 5 shows sensitivity values of the random variables for each case analyzed. Again, for 
load case II, the sensitivity values were obtained similarly to the probability of failure, i.e., as a 
weighted average of the values obtained considering the reservoir water at and above rwl. 

 
 Load case I Load case II 

A 

   

B 

  

Figure 5: Sensitivity values for each load case (I – Normal, II – Flood), considering the two 
failure modes (A – Sliding along the dam-foundation, B – Sliding along a rock joint). 

3.7 Structural system reliability 
In the Probabilistic Model Code for Concrete Dams [12], system reliability is defined as the 
reliability of a single component which has several failure modes of nearly equal importance. 
Thus, the probability of failure of a monolith subjected to a specific load case, is given by all 
combinations of events in which at least one limit state (corresponding to one failure mode) 
was violated [13]. For complex systems, the structural system reliability can be assessed using 
event trees. 
The total probability of failure of the monolith is, for normal and flood load case respectively, 
given by, 

��,� = 1 − ��1 − ��,�
� �

�

���

= 2.70 × 10�� (14) 

��,�� = 1 − ��1 − ��,��
� �

�

���

= 1.55 × 10�� (15) 

3.8 Bayesian update of the concrete-rock friction coefficient 
Typically, distributions are chosen and estimated based on previous experience. As soon as new 
data become available, one shall update the distribution parameters of the prior model on the 
basis of new data, weighing the confidence in the previous information consistently [16]. 
The procedure used for that is based on the Bayesian interpretation of probability. For normal 
distributed random variables with uncertain mean and known standard deviation, the updated 
parameters of the posterior probability function of a variable X can be obtained directly using 
the following expressions [1], [16], [17],  
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����� = ������� �⁄ + �̅ �′⁄ � (1 �′⁄ + 1 �⁄ )⁄  (16) 

  

����� = ����
� �′⁄ ∙ ������

� �⁄ � �������
� �′⁄ + ������

� �⁄ ��  (17) 

 
where �̅ is the new sample mean, n is the size of the new sample, σX is the known standard 
deviation of the variable X, and n’=(σX/σprior)2 is the sample size assumed for the prior 
distribution of the distribution mean (μX). Considering that the friction coefficient is given by a 
normal distribution N [ μtϕc ~N(μprior =0.7, σprior =0.7x0.03), σtϕc=0.03], and two additional shear 
tests resulted in ϕc=37º (tϕr=0.75) and ϕc=38º (tϕr=0.78), the posterior probability function of the 
concrete-rock friction coefficient is shown in Figure 6. 
 

 

Figure 6: Bayesian update of the concrete-rock friction coefficient probability function, tϕc, 
after two additional shear tests. 

Considering the sliding along the dam-foundation interface with the updated parameters 
assumed for the concrete-rock friction coefficient, it was obtained β=5.38 (pf=3.69x10-8), for 
the normal load case, representing a reduction (about 6.5 times) of the probability of failure. 

4 Conclusions 

The probability of failure of an existing concrete dam was estimated using the new-developed 
Probabilistic Model Code for Concrete Dams. Two failure mechanism and two loading 
scenarios were considered, being the structural system reliability also assessed. One interesting 
observation to be made is that the variation of the global safety factors computed for each case 
are somehow different from the probability of failure. This fact proves, one more time, the 
inaccuracy of the classical deterministic safety factors to deal with different sources of 
uncertainty and ensure similar safety margins. 
Later, the dam safety was reassessed, once the probability function of the friction coefficient of 
the concrete-rock interface was updated using the results of two additional shear tests 
performed, resulting in a reduction (about 6.5 times) of the probability of failure, for the normal 
case. Therefore, the continuous collection of new data during the dam operation, particularly 
associated with those variables which the calculation of the probability of failure is more 
sensitive to, may improve the confidence of the engineers on the safety analysis results and 
support the decision-making process regarding the dam operation and maintenance. 
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ABSTRACT: The stochastic analysis of the dam monolith in this benchmark workshop shows the 
applicability of the method for dam engineers. This method has the advantage that no partial factors of 
safety must be applied on the action or resistance side. On the other hand, applying stochastic methods 
to limit state equation is indeed convenient, but talking about to more complex systems, like nonlinear 

finite element with 1000000 degrees of freedom, the analysis of only one limit state might take a 
week. For the automatized simulation process, the evaluation of failure criteria and to keep a set of 
hundreds of simulations manageable, a tool like ANSYS optiSlang® is essential for such complex 
analyses. However, also in this relative simple analysis, the tool ANSYS optiSlang® provided a 
convenient way to define parameters and evaluate failure probabilities and reliability indexes 

automatically for all design situations. The results show that the sliding safety of the dam monolith, by 
means of the target reliability index βT, isn’t achieved, neither for sliding at the dam-rock interface nor 
at the rock-rock interface. Additionally to the popular FORM method used in this benchmark example, 
Monte Carlo analyses of the same problem are performed, which yield a very good agreement between 

these two methods. The Swedish “Probabilistic model code for concrete dams” delivers a 

comprehensive, but easy to use document for such analyses. 

1 Introduction and problem description 
The problem description [1] provided by the formulators includes the data for the dam monolith 
[2] and the Swedish probabilistic model code for concrete dams [2]. Limit states and design 
situations as well as statistical distributions are described in the model code [2]. Reading 
instructions are included at the first page of the appendix. Statistical distributions related to 
flood event is given in the dam data sheet [2].  
The object of interest is a concrete dam monolith in northern Sweden. The dam has a total 
height of 25 m and a width of 12 m. There is a inspect gallery located at the upstream dam heel, 
but no drainage or grout curtain is situated in the foundation to reduce the pore water pressure, 
and therefore the uplift. The total volume of the dam is 2870 m3. Reducing the dimension to 2D 
gives a total area of the dam section of 239.2 m². To increase the resistance to overturning and 
sliding an anchor is situated near the upstream surface of the dam, with a post-stressed total 
force of 1080 kN/m. The long-term loss of this force is estimated to 10 %. Apart from the 
possible sliding case of such a structure between the dam-rock interface there is also a 
possibility of sliding along rock-rock interface due to a rock-joint of 20° at the dam’s 

foundation. The volume of this granite rock wedge is estimated to be 1376 m³, hence in the 2D 
case 114.7 m². Additionally to the hydrostatic water load a second horizontal action comes from 
the ice load. The downstream water level isn’t taken into account in safety assessment. Also, 

the reduced weight of the dam monolith due to entrance to the inspection gallery (Section B-B, 
Figure 1) is neglected and assumed to be fully filled with concrete. Figure 1 illustrates the 
dimensions of the dam monolith. 
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Figure 1: Dam monolith [2]. 

The formulator of this theme stated the following tasks in [1] to be solved: 
 
1. Estimate the deterministic factor of safety for sliding considering 2 failure modes: 

(a) sliding along the dam-foundation contact, and 
(b) sliding along an existing joint in the foundation. 

For each failure mode, the factor of safety shall be calculated in 2 situations: 
(i) normal load case, and 
(ii) (ii) flood load case. In the normal load case water is at retention water level 

(rwl), the dam is subject to an ice load of 200 kN/m acting 1/3 m below rwl. In 
the flood load case water is at the dam crest level, with no ice load present. 
Uplift in the concrete-rock contact is assumed according to standard procedure, 
with no reduction since there are no drain holes. In the rock joint a linear 
pressure distribution from reservoir level to downstream level is assumed.  

2. Define limit state functions for the 2 failure modes considered: (a) sliding along the 
concrete-rock contact and (b) sliding along a rock joint in the foundation.  

3. Estimate the probability of failure* for the 2 failure modes considered for i) a normal design 
situation and ii) for an exceptional design situation (flood). In total, 4 probabilities of failure 
have to be provided.  

4. Present sensitivity values** for all 4 cases.  
5. Estimate the system reliability of the monolith (for both limit states and both design 

situations).  
6. Consider that two additional shear tests are performed on the concrete/rock contact to 

determine the basic friction angle. How does this change the failure probability of the 
normal design situation for sliding along the concrete-rock contact? 
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2 Deterministic factors of safety 
The first part of this theme is to estimate/calculate the deterministic safety of sliding according 
to the limit equilibrium approach. All forces acting on the dam are depicted in Figure 2. Note 
that due to the possible sliding failure along the rock-joint, the anchor force A cannot be taken 
into account anymore and the hydrostatic water pressure is assumed to be acting to the depth of 
the rock wedge on the upstream side. Furthermore, the uplift force U is now acting along the 
joint and oriented normal to the interface. For the flood load case, no ice pressure is taken into 
account. 

 
Figure 2: Forces acting on the dam. 

In total 4 different cases have to investigated: 
 
1. Normal load case NLC (retention water level) 

a. Sliding at the dam-rock interface 
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑁𝐿𝐶,𝑑−𝑟 = (𝐺𝑑 − 𝑈𝑑 + 𝐴) 𝑡𝑎𝑛(𝑝ℎ𝑖 + 𝑖) 

𝐴𝑐𝑡𝑖𝑜𝑛𝑁𝐿𝐶,𝑑−𝑟 =  𝐹ℎ𝑦𝑑,𝑟𝑤𝑙 + 𝐹𝐼𝑐𝑒 
 

b. Sliding at the rock-rock interface 
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑁𝐿𝐶,𝑟−𝑟 =  (𝐺𝑑,𝑟 𝑐𝑜𝑠(𝛼) + 𝐹ℎ𝑦𝑑,𝑟𝑤𝑙,𝑟𝑠𝑖𝑛(𝛼) + 𝐹𝐼𝑐𝑒𝑠𝑖𝑛(𝛼) − 𝑈𝑟) 𝑡𝑎𝑛(𝑝ℎ𝑖 + 𝑖) 

𝐴𝑐𝑡𝑖𝑜𝑛𝑁𝐿𝐶,𝑟−𝑟 =  −𝐺𝑑,𝑟 𝑠𝑖𝑛(𝛼) + 𝐹ℎ𝑦𝑑,𝑟𝑤𝑙,𝑟𝑐𝑜𝑠(𝛼) + 𝐹𝐼𝑐𝑒𝑐𝑜𝑠(𝛼) 
 
2. Flood load case FLC (flood water level)  

a. Sliding at the dam-rock interface 
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐹𝐿𝐶,𝑑−𝑟 =  (𝐺𝑑 − 𝑈𝑑 + 𝐴) 𝑡𝑎𝑛(𝑝ℎ𝑖 + 𝑖) 

𝐴𝑐𝑡𝑖𝑜𝑛𝐹𝐿𝐶,𝑑−𝑟 =  𝐹ℎ𝑦𝑑,𝐹𝑙𝑜𝑜𝑑 
 

b. Sliding at the rock-rock interface 
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐹𝐿𝐶,𝑟−𝑟 =  (𝐺𝑑,𝑟 𝑐𝑜𝑠(𝛼) + 𝐹ℎ𝑦𝑑,𝐹𝑙𝑜𝑜𝑑,𝑟𝑠𝑖𝑛(𝛼) − 𝑈𝑟) 𝑡𝑎𝑛(𝑝ℎ𝑖 + 𝑖) 

𝐴𝑐𝑡𝑖𝑜𝑛𝐹𝐿𝐶,𝑟−𝑟 =  −𝐺𝑑,𝑟 𝑠𝑖𝑛(𝛼) + 𝐹ℎ𝑦𝑑,𝐹𝑙𝑜𝑜𝑑,𝑟𝑐𝑜𝑠(𝛼) 
With 
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𝐺𝑑 = 𝐴𝑑 𝛾𝑐 
𝐺𝑟 = 𝐴𝑟 𝛾𝑟 

𝐺𝑑,𝑟 = 𝐴𝑑 𝛾𝑐 + 𝐴𝑟 𝛾𝑟 

𝐹ℎ𝑦𝑑,𝑟𝑤𝑙 =
𝛾𝑤(ℎ𝑟𝑤𝑙)2

2
 

𝐹ℎ𝑦𝑑,𝐹𝑙𝑜𝑜𝑑 =
𝛾𝑤(ℎ𝐹𝑙𝑜𝑜𝑑)2

2
 

𝐹ℎ𝑦𝑑,𝑟𝑤𝑙,𝑟 =
𝛾𝑤(ℎ𝑟𝑤𝑙 + ℎ𝑟)2

2
 

𝐹ℎ𝑦𝑑,𝐹𝑙𝑜𝑜𝑑,𝑟 =
𝛾𝑤(ℎ𝐹𝑙𝑜𝑜𝑑 + ℎ𝑟)2

2
 

𝑈𝑑 = 𝛾𝑤𝑏𝑑ℎ𝑑𝑠 +
𝛾𝑤(ℎ𝑟𝑤𝑙 − ℎ𝑑𝑠)𝑏𝑑

2
 

𝑈𝑟 = 𝛾𝑤𝑏𝑟ℎ𝑑𝑠 +
𝛾𝑤(ℎ𝐹𝑙𝑜𝑜𝑑 − ℎ𝑑𝑠)𝑏𝑟

2
 

 
For the deterministic approach, the ice pressure 𝐹𝐼𝑐𝑒 is assumed to be 200 kN/m. 
The following Table 1 summarizes all necessary parameters for the deterministic safety 
assessment of the dam. 

Table 1: Dimensions and specific weight. 

Area of the dam 𝐴𝑑  239.2 m² 
Specific weight of the concrete 𝛾𝑐 23.5 kN/m³ 
Area of the rock wedge 𝐴𝑟  114.7 m² 
Specific weight of the granite 𝛾𝑟 25.0 kN/m³ 
Specific weight of water 𝛾𝑤 10.0 kN/m³ 
Retention water level ℎ𝑟𝑤𝑙 24.1 m 
Depth of the rock wedge at the upstream heel ℎ𝑟 9.0 m 
Water level a flood ℎ𝐹𝑙𝑜𝑜𝑑 27.6 m 
Downstream water level ℎ𝑑𝑠 3.1 m 
Dam-rock interface width 𝑏𝑑 19.0 m 
Rock-rock interface width 𝑏𝑟 25.6 m 
Rock-rock interface angle 𝛼 20° 
Friction angle at the dam-rock interface  35° 
Dilatation angle at the dam-rock interface 15° 
Friction angle at the rock-rock interface  32° 
Dilatation angle at the rock-rock interface 8° 

 
For the normal load case NLC all forces are summarized in Table 2. 

Table 2: Normal load case forces acting on the dam. 

Normal Load Case   

Force [kN/m] Sliding at the dam-
rock interface Sliding at the rock-rock interface 

Vertical Forces:   
𝐺𝑑 5620 5620 
𝐺𝑟 0 2868 
𝑈 -2584 -4639 
𝐴 972 0 
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Horizontal Forces:   
𝐹ℎ𝑦𝑑,𝑟𝑤𝑙,𝑑; 𝐹ℎ𝑦𝑑,𝑟𝑤𝑙,𝑟 2904 5478 
FIce 200 200 
   
Actions 3104 2480 

(Tangential to the Rock-Rock Interface) 
Resistance 4777 4444 

(Tangential to the Rock-Rock Interface) 
   
Safety Factor = 𝑹𝒆𝒔𝒊𝒔𝒕𝒂𝒏𝒄𝒆

𝑨𝒄𝒕𝒊𝒐𝒏𝒔
 1.54 1.79 

 
For the flood load case FLC all forces are summarized in Table 3. 

Table 3: Flood load case forces acting on the dam. 

Flood Load Case   

Force [kN/m] Sliding at the dam-rock 
interface 

Sliding at the rock-rock 
interface 

Horizontal Forces:   
𝐺𝑑 5620 5620 
𝐺𝑟 0 2868 
𝑈 -2584 -4639 
𝐴 972 0 
   
Vertical Forces:   
𝐹ℎ𝑦𝑑,𝐹𝑙𝑜𝑜𝑑,𝑑; 𝐹ℎ𝑦𝑑,𝐹𝑙𝑜𝑜𝑑,𝑟 3809 6698 
FIce 0 0 
   
Actions 3809 3391 

(Tangential to the Rock-Rock Interface) 
Resistance 4777 4722 

(Tangential to the Rock-Rock Interface) 
   
Safety Factor = 𝑹𝒆𝒔𝒊𝒔𝒕𝒂𝒏𝒄𝒆

𝑨𝒄𝒕𝒊𝒐𝒏𝒔
 1.25 1.39 

 
The results of the safety factors show that sliding along the rock-rock interface is safer than at 
the dam-rock interface. Also, as one would expect, the flood load case safety factors are lower 
than at retention water level, although no ice load is taken into account at the flood event. 

3 Stochastic analysis 
In general, a stochastic analysis can be used to circumvent contradictions arising from the use 
of partial safety factors. Another issue is the question of the safety level of an existing building. 
It is possible in principle to provide a proof of stability by means of a concept based on safety 
factors. However, if an existing safety level is to be predicted on this basis until the building 
fails, the question arises as to whether it should be determined by a load-side increase or by a 
reduction of the resistance.  
By means of a stochastic analysis, failure probabilities can also be determined by introducing 
load and resistance-side scatterings. Therefore, the stochastic analysis consists of the following 
steps: 
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• Definition of the scattering of the input parameters: 

For this purpose, distribution functions, mean values, coefficients of variation for all 
parameters used in the limit state functions are obtained from the “Probabilistic model 
code for concrete dams” [2]. 

• Defining limit State functions 
o g ≥ Resistance –Actions 

• Evaluation of 4 different failure probabilities for sliding along each interface with the 
First Order Reliability Method (FORM): 

o Normal load case (Retention water level) 
o Water above rwl: 0.0<de<1.5 
o Water above rwl: 1.5<de<2.5 
o Water above rwl: 2.5<de 

The evaluation and determination of the probability of failure is carried out with 
ANSYS optiSLang® [4], various results and output options are available for the 
evaluation of a stochastic analysis.  

 
In addition to the calculation of the probability of failure, the influencing parameters which are 
decisive for the distribution of the response variable can be output both qualitatively and 
quantitatively in ANSYS optiSLang® [4]. This allows statements to be made as to which stray 
input variables (loads, resistances) are relevant for the failure of the dam. 

3.1 Statistical data of the input parameters 
The following table summarizes all parameters used in the limit state functions in section 2, 
including distribution functions, mean values, standard deviation and coefficients of variation. 

Table 4: Parameters, distribution functions, mean values, standard deviation and coefficients 
of variation. 

Parameter Distribution 
function 

Mean value Standard deviation CoV 

Specific weight of the concrete 
𝛾𝑐 [kN/m³] 

Normal 23.50 0.94 0.04 

Specific weight of the rock 
𝛾𝑟 [kN/m³] 

Normal 25.88 0.23 0.01 

Uplift parameter 𝐶 [-] Normal 1.00 0.05 0.05 
Anchor force 𝑃0 [kN/m] Normal 1080.00 81.00 0.08 
Anchor force loss 𝑑𝑃 [kN/m] Normal 108.00 32.40 0.30 
Ice load 𝐹𝑖𝑐𝑒 [kN/m] Lognormal 80.00 80.00 1.00 
Max. ice load 𝐼𝑐𝑒𝑚𝑎𝑥 [kN/m] Normal 250.00 25.00 0.10 
Friction angle 𝜑 [°] Normal 35.00 1.75 0.05 
Dilation angle 𝑖 [°] Lognormal 15.00 3.00 0.20 
𝑑𝑒,0.0−1.5 [m] Triangular 1.03 0.77 0.74 
𝑑𝑒,1.5−2.5 [m] Triangular 1.13 0.67 0.59 
𝑑𝑒,>2.5 [m] Triangular 0.90 0.84 0.94 

 
Additional conditions have been added to the ice load, because according to [3] the maximum 
ice load from Fice must not exceed the maximum Icemax. The retention water level ℎ𝑟𝑤𝑙 is set 
constant, but the heights of exceedance 𝑑𝑒 have triangular distributions, with truncations at the 
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specific boundaries they are defined for. Specific values for their triangular distribution can be 
found in Table 5 and the cumulative distribution function (CDF) of these three parts in Figure 3. 

Table 5: Triangular distribution parameters. 

 Part 1 
0<de<1.5 

Part 2 
1.5<de<2.5 

Part 3 
de>2.5 

A -0.10 -0.10 -1.00 
B 3.20 3.00 3.10 
C 0.00 0.50 0.60 

Min [m] 0.00 1.50 2.50 
Max [m] 1.50 2.50 3.50 

 
Figure 3: CDF of the water level divided into 3 parts. 

The probability of exceeding the retention water level is given in [2] and is P(de>0) = 3.0E-3. 
Hence, the probabilities for exceeding the maxima of each part can be calculated according to 
Table 6. 

Table 6: Probabilities for exceeding the maxima of the 3 parts. 

P(de>0) = 3.00E-03 
P(de>1.5) = (1-F(x=1.5|de>0)) * P(de>0) = (1-0.716) * 0.003 = 8.52E-04 
P(de>2.5) = (1-F(x=2.5|de>0)) * P(de>0) = (1-0.965) * 0.003 = 1.05E-04   
P(0<de<1.5) = P(de>0)-P(de>1.5) = 2.15E-03 
P(1.5<de<2.5) = P(de>1.5)-P(de>2.5) = 7.47E-04 
P(de>2.5) = 1.05E-04 

3.2 Results 
Table 7 and Table 8 are summarizing the probabilities of failure Pf and reliability indexes β. 
Design situation 1 and 4 indicate the normal loading case and the flood loading case, 
respectively, according to “Table PI-7-1. Design Situations” from [3]. In the flood loading case, 
the conditional probability of the event must be considered, therefore, in the flood load case the 
failure probability of the persistent situation 4.0 (rwl, without ice) must also be taken into 
account. Design situations 4.1 to 4.3 are the three depths, respectively. The sum of 4.0 to 4.3, 
hence corresponds to the cumulative failure probability of the flood event.  
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Table 7: Sliding failure probability and reliability index of the dam monolith at the dam-rock 
interface. 

  Design Situation 
  1 

rwl=24.1m 
 4.0 

de=0 
4.1 

0<de<1.5 
4.2 

1.5<de<2.5 
4.3 

de>2.5 
4 

de>0 
Probability of 

Occurence Poccur 1.00E+00  1.00E+00 2.15E-03 7.47E-04 1.05E-04  

Respective 
Probability of Failure Prf 1.10E-04  4.31E-05 1.44E-03 1.76E-03 1.13E-02  

Failure Probability 
Prob. of Failure * Prob. of Occur. Pf 1.10E-04  4.31E-05 3.09E-06 1.45E-06 3.36E-07 4.87E-05 

Reliability Index β 3.70  3.93 2.98 2.92 2.28 3.90 

Table 8: Sliding failure probability and reliability index of the dam monolith at the rock-rock 
interface. 

  Design Situation 
  1 

rwl=24.1m 
 4.0 

de=0 
4.1 

0<de<1.5 
4.2 

1.5<de<2.5 
4.3 

de>2.5 
4  

de>0 
Probability of 

Occurence Poccur 1.00E+00  1.00E+00 2.15E-03 7.47E-04 1.05E-04  

Respective 
Probability of Failure Prf 3.83E-06  1.83E-06 1.15E-04 1.40E-04 1.27E-03  

Failure Probability 
Prob. of Failure * Prob. of Occur. Pf 3.83E-06  1.83E-06 2.47E-07 1.15E-07 3.79E-08 2.31E-06 

Reliability Index β 4.47  4.63 3.68 3.63 3.02 4.58 

 
Due to the fact, that no dam consequence class or target safety index is given by the formulators, 
consequence class B is assumed, see [3], which may cause loss of human lives and failure may 
lead to large regional and local consequences and disturbances. Therefore, the minimum target 
reliability index, which should be achieved, is βT = 4.8. Based on this target the dam monolith 
wouldn’t be save, neither for sliding at the dam-rock interface nor at the rock-rock interface. It 
should be mentioned that for the persistent situation at retention water level the reliability index 
is the lowest, which means that failure probability is the highest. The respective failure 
probability of the dam at water levels above retention water level is in fact higher, but the 
probability of occurrence of such an event is much smaller, hence the probability to fail due to 
sliding is decreasing. Note, that not even for lowest consequence class D, see [3], with a target 
reliability index of βT = 3.8 the reliability wouldn’t be fulfilled. 

3.3 Sensitivity values 
The sensitivity values, by means of Coefficients of Prognosis (COP), are summarized in 
Table 9. The CoP was first introduced by Most and Will in 2008 [6], which is a model 
independent measure to assess the model quality. These values are a direct result and printout 
of the simulations in ANSYS optiSlang®, which give an excellent measure of the most 
important parameters of a reliability/sensitivity analysis. In each case the most important 
parameter is the dilation angle and the second one the friction angle. In the case of sliding at 
the dam-rock interface the influence of the specific weight of the concrete is also quite high.  
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Table 9: Coefficients of Prognosis (COP) for both design situations and sliding interfaces. 

 Coefficients of Prognosis (COP) [%] 
 Dam-Rock Interface Rock-Rock Interface 
Parameter DS 1 DS4 DS1 DS4 
𝛾𝑐 [kN/m³] 15.38 16.35 14.80 10.26 
𝛾𝑟 [kN/m³] 0.00 0.00 0.00 0.00 
𝐶 [-] (uplift parameter) 5.19 4.28 5.59 5.85 
𝑃0 [kN/m] 1.46 0.74 0.00 0.00 
𝑑𝑃 [kN/m] 0.00 0.00 0.00 0.00 
𝐹𝑖𝑐𝑒 [kN/m] 0.00 0.00 0.00 0.00 
𝐼𝑐𝑒𝑚𝑎𝑥 [kN/m] 0.00 0.00 0.00 0.00 
𝜑 [°] 18.67 17.54 32.01 33.26 
𝑖 [°] 60.37 57.67 47.03 47.22 

3.4 Failure probability of the normal design situation for sliding at the dam-rock interface 
due to additional shear tests 

Two additional shear tests at the dam-rock interface are provided to evaluate the influence of a 
changing friction angle at the base of the dam on the probability of failure. The measured 
friction angles are 37° and 38°, hence the mean value is m=37.5°. The expected variation in the 
mean value between different dams according to [2] can be assumed normal distributed with a 
mean value of E(µ’) = 35°, a standard deviation of σ(µ’) = 1.75° and a variance of 
Var(µ’) = σ(µ’)² = 3.06°°. The on-site variability of the friction angle may be expected to have 
a coefficient of variation of 0.03, which gives σ = m * 0.03 = 1.125°. 
The expected mean value and standard deviation due to the new measurements can be 
calculated according to [3] by 

E(𝜇′′) =
𝑚 ∙ 𝑉𝑎𝑟(𝜇′) + E(𝜇′)

𝜎2

𝑛

𝑉𝑎𝑟(𝜇′) +
𝜎2

𝑛

= 37.07°          𝜎(𝜇′′) = √𝑉𝑎𝑟(𝜇′′) = √
𝑉𝑎𝑟(𝜇′) ∙

𝜎2

𝑛

𝑉𝑎𝑟(𝜇′) +
𝜎2

𝑛

= 0.724° 

 
with the updated coefficient of variation  
 

𝑉�̅�𝑏
≈ √𝑉𝜑𝑏

2 + 𝑉𝑠𝑡𝑎𝑡,�̅�𝑏

2 ≈ √(
E(𝜇′) ∗ 0.03

E(𝜇′′)
)

2

+ (
√𝑉𝑎𝑟(𝜇′′)

E(𝜇′′)
)

2

≈ √(
1.05

37.1
)

2

+ (
0.72

37.1
)

2

≈ 0.034 

Applying these new values to the stochastic analysis of the design situation 1 for sliding at the 
dam-rock interface gives a new probability of failure of Pf = 3.76E-06 and corresponding 
reliability index of β = 4.48. Comparing these values with them from the analysis with the initial 
friction angles shows the wide influence of this parameter for the analysis of the sliding safety 
of the dam monolith. An increase of only 2° and a decrease of the standard deviation by 0.5° 
boosts the reliability index from β = 3.70 to β = 4.48, which is a huge improvement, because it 
reduces the failure probability Pf by a factor of 30. In this analysis the sensitivity values, by 
means of Coefficients of Prognosis have changed. The second most important parameter from 
the former analysis, the friction angle (COP approx. 30%), is moved back to be one of the less 
important ones (COP = 11%), because of the reduced variance and the increased mean value. 

3.5 Additional Monte Carlo analysis of design situation 1 for the dam-rock interface 
Additionally to the FORM method, Monte Carlo analysis are performed to validate the results. 
Therefore, the limit state for design situation 1 for sliding at the dam-rock interface has been 
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used. The analysis is done with the program slangTNG [5]. The advantage of the tool is its 
convenient scripting possibilities and large library of stochastic and mathematical tools. The 
performed Monte Carlo analysis with 1,000,000 samples was done in less than a minute. 
The failure probability calculated by doing a couple of Monte Carlo analyses lies between 
0.00010 < Pf < 0.00012, corresponds to a reliability index of approximately β = 3.70. This is 
practically the same as calculated by the FORM method. Additionally, Monte Carlo analyses 
(10,000,000 samples) for the adjusted friction angle from section 3.4 resulted in values of 
approx. Pf = 3.0E-06 and β = 4.6, which are also close to the FORM method (Pf = 3.76E-06; 
β = 4.48). 
Hence, the FORM method yields reliable results, with the advantage of being much faster at 
more complex systems, e.g. finite element analysis. Nevertheless, the Monte Carlo analysis is 
only very practicable as long as the computation time of the problem is relatively short.  

4 Conclusion 
The stochastic analysis of the dam monolith in this benchmark workshop shows the easy 
applicability of the method for dam engineers if one has the right tools at hand and at least a 
basic knowledge in statistics and stochastic analysis. Furthermore, it has the advantage that no 
partial factors of safety must be applied on the actions or resistance side. On the other hand, 
applying stochastic methods to limit state equation is indeed convenient, but talking about to 
more complex systems, like nonlinear finite element with 1000000 degrees of freedom, the 
analysis of only one limit state might take a week. Based on this fact, a lot of computation 
power is necessary to simulate hundreds of such problems in parallel. For the automatized 
simulation process, the evaluation of failure criteria and to keep a set of hundreds of simulations 
manageable, a tool like ANSYS optiSlang® is essential for such complex analyses. However, 
also in this relative simple analysis the tool ANSYS optiSlang® provided a convenient way to 
define parameters and evaluate failure probabilities and reliability indexes automatically for all 
design situations. The results show that the sliding safety of the dam monolith, by means of the 
target reliability index βT = 4.8, isn’t achieved, neither for sliding at the dam-rock interface nor 
at the rock-rock interface. However, in this benchmark example the failure probability of sliding 
at the rock-rock interface is more unlikely than sliding at the dam-rock interface.  
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ABSTRACT:  

As a part of the 14th International Benchmark Workshop in Numerical Analysis of Dams organized by 
ICOLD Committee on Computational Aspects of Analysis and Design of dams, this paper gives a 

summary of the calculations, assumptions and results of Dr.techn.Olav Olsen AS for theme D – Risk 
Analysis – assessment of the reliability for concrete dams. 

The analysis is conducted with SOFiSTiK module Rely. SOFiSTiK is a program mainly used for 
FEM-analysis and structural design. Rely is an add-on to the SOFiSTiK program that performs 

reliability analysis, where the engineering system of interest is modeled using one of the SOFiSTiK 
finite element modules. The kernel of Rely is powered by the stand-alone software package Strurel. 

1 Introduction 
This paper is a part of the 14th International Benchmark Workshop in Numerical Analysis of 
Dams organized by ICOLD Committee on Computational Aspects of Analysis and Design of 
dams. The paper gives a summary of the calculations, assumptions and results of Dr.techn.Olav 
Olsen AS for theme D – Risk Analysis – assessment of the reliability for concrete dams. 
 
After the workshop the paper has been updated due to an error in the pore pressure, 
where the downstream water level was not included in the uplift pressure.  
 
The analysis is conducted with SOFiSTiK module Rely. SOFiSTiK is a program mainly used 
for FEM-analysis and structural design. Rely is an add-on to the SOFiSTiK program that 
performs reliability analysis, where the engineering system of interest is modeled using one of 
the SOFiSTiK finite element modules. The kernel of Rely is powered by the stand-alone 
software package Strurel [1].  The concrete dam has not been modeled in finite elements, but 
the stability calculations is coded with the input language CADINP for a free input format.  
 
The paper includes a chapter for each task in the problem description for this theme.  

2 Deterministic factor of safety – task 1 

2.1 Assumptions 
In the problem description, the dam height is given as 25m, but the drawing in appendix 1 shows 
that it is 0.6 meters taller. The concrete-rock contact where failure is assumed is taken as 
elevation +226.9 m after what is shown on the attached drawing. This gives a total dam height 
of 25.6 m and a retention water level of 24.1 m at elevation +251.0 m. The water level at the 
toe is assumed to be as 3.1 m above the foundation for both cases. 
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When calculating the resistance against failure for the rock joint, the inclination of the joint 
itself is added to the friction and dilatation angles. 
 
The uplift pressure is assumed to be linearly decreasing from upstream water level at the heel 
to the water level at the downstream toe of the dam, if the resultant is within 1/3 of the base 
width. If the resultant is downstream this area, the uplift pressure is assumed equal to the water 
pressure at the upstream heel over the area without compression. The resultant and uplift 
pressure is iterated until equilibrium is achieved.   
 
The hydrostatic pressure on the rock segment above the rock joint is calculated from elevation 
+217.9 m (+226.9m-9m), on both the upstream and downstream side. At the toe the uplift 
pressure is then 3.1 m due to the inclination of the rock joint. At the rock joint, the pore pressure 
is therefore decomposed in a vertical and horizontal component.    
 
The table below shows a summary of values used to calculate the deterministic factor of safety. 
Values marked * are later used as variables in the probabilistic analysis. 

Table 1: Values for deterministic calculations 

Retention water level 24.1 m 
Downstream water level 3.1 m 
Water density 9.81 kN/m3 

Concrete self-weight* 24 kN/m3 

Rock self-weight* 26 kN/m3 
Ice load* 200 kN/m 
Friction angle: Concrete-rock* 35° 
Dilatation angle: Concrete-rock* 15° 
Friction angle: Rock joint* 32° 
Dilatation angle: Rock joint* 8° 
Inclination of the rock joint 20° 
Jacking loss* 10% 
Flood level* 1.5 m 

2.2 Results 
The deterministic factors are presented in the table below. 

Table 2: Deterministic factor of safety for sliding  

 Concrete-rock Rock joint 
Normal load case 1.658 1.966 
Flood load case 1.519 1.783 

 

3 Limit state functions – task 2 
The limit state functions are given as: 

𝑅 − 𝐹 > 0 (1) 
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Where: 
 R is resistance 
 F is loading 
 
Failure happens when the limit state function is less than, or equal to, zero. To achieve 
convergence the software must also know how close it is to failure. 

3.1 Sliding along the concrete-rock contact 
In the analysis, the resistance for sliding along the concrete-rock is defined as: 
 

𝑅 = 𝑁′ ∙ tan(𝜑 + 𝑖) (2) 
Where: 
 N’ is the sum of vertical forces 
 φ is the friction angle 
 i is the dilatation angle 
 
The vertical forces, N’, include; the self-weight of concrete, jacking force and pore pressure. 
 
The loading, F, which is the sum of all horizontal forces, include; Water pressure (both upstream 
and downstream) and ice load (for the normal load case). 

3.2 Sliding along the rock joint in the foundation 
In the analysis, the resistance for sliding along the rock joint is defined as: 
 

𝑅 = 𝑁′ ∙ tan(𝜑 + 𝑖 + 𝑎) (3) 
Where: 
 N’ is the sum of vertical forces 
 φ is the friction angle 
 i is the dilatation angle 
 a is the inclination of the rock joint 
 
The vertical forces, N’, include; the self-weight of concrete, self-weight of the rock above the 
rock joint and vertical component of the pore pressure along the rock joint. 
 
The loading, F, which is the sum of all horizontal forces, include; Water pressure (both upstream 
and downstream) and ice load (for the normal load case). 

4 Estimation of probability of failure – task 3 

4.1 Definition of variables  
The variables describing the loads acting on the dam and the resistance of the structure is 
modeled with probability density functions (PDF). A common PDF for natural random 
variables is a normal distribution, described by a mean value and a standard deviation. Other 
distributions used in this project are log-normal distributions, which constrain the PDF to only 
positive values and trapezoid distributions. The distributions implemented here are taken from 
the problem description or [2]. Table 3 show a summary of the distributions. The variables 
where assumptions are made, are explained in depth in the following text and marked with * in 
the table. 
 
The water level downstream is kept constant for all cases. 
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Table 3: Probability distributions 

 Distribution 
type 

Mean value Coefficient  of 
variation 

Standard 
deviation 

Concrete self-
weight* Normal 24 kN/m3 0.04∙0.85 0.816 kN/ m3 
Rock self-weight Normal 26 kN/m3 0.02 0.53 kN/m3 
Ice load* Trapezoid 112 kN/m  0.6 67 kN/m 
Friction angle: 
Concrete-rock Normal 35° 0.05 1.75° 
Dilatation angle: 
Concrete-rock Log-normal 15° 0.2 3° 
Friction angle: 
Rock joint Normal 32° 0.07 2.24° 
Dilatation angle: 
Rock joint Log-normal 8° 0.4 3.2° 
Jacking loss Normal 10% 0.3 3% 
Flood level* Trapezoid 1.03 m 0.74 0.766 

Concrete self-weight 
The concrete self-weight is taken as 24 kN/m3, which is the middle value of the two values 
listed in table PIII 2-1. [2] 

Ice load 
The dam is located in the north of Sweden, which gives a maximum ice thickness of 1 meter. 
The probability distribution should be as given for Norrland, according to table PII 2-1 [2]. The 
ice load distribution is to be truncated to a maximum value of 250 kN/m, due to buckling of the 
ice itself. In PMCD, the truncation is given with a standard deviation of 25 kN/m. 
 
A method for truncation was not found in the manual for the SOFiSTiK Rely-module. Not 
implementing the truncation, leads to an unrealistically high ice load and a high probability of 
failure for the normal load case. We therefore assumed an ice load distribution with a 
trapezoidal distribution with a maximum ice load value of 300 kN/m, the mean value of the 
truncation plus two standard deviations. The figure below show a comparison of the two 
distributions. 

 
Figure 1: Comparison of ice load distributions. Blue line: PMCD, Green line: Our 

assumption. 
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Flood level 
The distribution of the flood level is given by tabulated values of an original CDF. Three 
trapezoid distributions are given as approximations to three subintervals of the original 
distribution. The values outside the corresponding subinterval are supposed to be truncated. 
Using the SOFiSTiK Rely-module there was not found a suitable method of truncating the 
values outside the subintervals. Instead, one trapezoid distribution is used over the entire 
interval. The chosen trapezoid has parameters a=-0.1, b=0.0, c=3.15 and is shown in  
Error! Reference source not found. compared with the original CDF and the three 
recommended trapezoid distributions. The line fit in general well to the lines of the other 
trapezoid lines.  

 
Figure 2: Comparison of CDF distributions of the water level above rwl. 

 
The flood situation is calculated in two separate subcases: one for water height at retention 
water level (rwl) and one for water height above retention water level. 

𝐿𝐶𝑖𝑖,1: 𝐻𝑤 = 𝑟𝑤𝑙   𝑃(𝐿𝐶𝑖𝑖𝑖,1) = 1 − 𝑃(𝐿𝐶𝑖𝑖) = 0.997 
𝐿𝐶𝑖𝑖,2: 𝐻𝑤 > 𝑟𝑤𝑙   𝑃(𝐿𝐶𝑖𝑖,2) = 3 ⋅ 10−3 

The two subcases can not occur at the same time and are thus mutually exclusive.   
The probabilities of each failure event in the flood situation is the total probability of failure 
due to subcase 1 and failure due to subcase 2: 
 

𝑃(𝐹𝑥) = 𝑃(𝐹𝑥|𝐿𝐶𝑖𝑖,1) ⋅ 𝑃(𝐿𝐶𝑖𝑖,1) + 𝑃(𝐹𝑥|𝐿𝐶𝑖𝑖,2) ⋅ 𝑃(𝐿𝐶𝑖𝑖,2),      𝑥 = 𝑎, 𝑏 (4) 
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4.2 Results 
Table 4: Probability and safety index, β 

 Concrete-rock (Fa) Rock joint (Fb) 
 Probability β Probability β 
Normal load case (LCi) 2.068 ·10-6 4.60 3.743·10-9 5.78 
Flood load case (LCii):     
Flood load case (LCii,1) 1.414·10-7 5.13 3.441·10-10 6.17 
Flood load case (LCii,2) 7.982·10-3 2.41 2.373·10-5 4.07 
SUM Flood case, LCii  2.409·10-5 4.06 7.153·10-8 5.26 

 

5 Sensitivity values – task 4 
Table 5 shows the sensitivity values for the analysis normal load case and the two analysis used 
to calculate failure of probability of the flood. 
 
Higher sensitivity value indicates greater importance of the variable in question. Negative 
sensitivity indicates that the variable acts as a load and a positive sensitivity indicates resistance. 
[2] 

Table 5: Sensitivity values 

 Concrete-rock (Fa) Rock joint (Fb) 
 LCi LCii,1 LCii,2 LCi LCii,1 LCii,2 

Concrete self-weight 0.49 0.53 0.50 0.48 0.50 0.41 
Rock self-weight - - - 0.15 0.15 0.13 
Ice load -0.26 - - -0.20 - - 
Friction angle: 
Concrete-rock 0.59 0.62 0.18 - - - 
Dilatation angle: 
Concrete-rock 0.58 0.57 0.27 - - - 
Friction angle: 
Rock joint - - - 0.74 0.76 0.64 
Dilatation angle: 
Rock joint - - - 0.39 0.39 0.42 
Jacking loss -0.08 -0.09 -0.11 - - - 
Flood level - - -0.80 - - -0.48 

 

6 System reliability of the monolith – task 5 
The reliability of failure of the monolith is calculated for two failure modes separately due to 
two different design situations, leading to four component reliability values. The system 
reliability of the monolith is calculated based on a non-redundant system where failure in one 
component leads to failure in the entire construction. Non-redundant systems are analyzed as 
series systems. [2] 
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The component failure events are: 
𝐹𝑎: sliding along the concrete-rock contact 
𝐹𝑏: sliding along a rock joint in the foundation  
 

The failure events are considered independent of each other, thus the joint probability of the 
events is: 

𝑃(𝐹𝑎⋂𝐹𝑏) = 𝑃(𝐹𝑎) ⋅ 𝑃(𝐹𝑏) (5) 
 
The failure events are conditional on two load cases: 

𝐿𝐶𝑖: normal design situation  
𝐿𝐶𝑖𝑖: flood situation  

 
For a series, the system failure event is the union of the two component failure events, such that 
the probability of failure for a given load case is  
 

𝑃𝑓 = 𝑃(𝐹𝑎⋃𝐹𝑏) = 𝑃(𝐹𝑎) + 𝑃(𝐹𝑏) − 𝑃(𝐹𝑎⋂𝐹𝑏) (6) 
 
The system reliability index 𝛽 is defined as 

𝛽 = −Φ−1(𝑃𝑓) (7) 
Φ is the standard normal cumulative distribution function and Φ−1 is its inverse function. 

Table 6: Probabilities of failure and system reliability for the two load cases. 

 LCi LCii 

P(Fa) 2.068 ·10-6 2.409·10-5 
P(Fb) 3.743·10-9 7.153·10-8 
Pf 2.072·10-6 2.416·10-5 

β 4.60 4.06 
 

7 Effect of shear test – task 6 
The basic friction angle 𝜙𝑏  of the concrete-rock contact was assumed to have a given 
distribution of the mean value. With two test samples the prior knowledge of the mean can be 
updated according to section 8 part I in [2]. The information about the variables are summarized 
in Table 7. 
 
The mean of the friction angle was given as a normally distributed variable 
𝜇𝜙𝑏

′ ~𝒩(35°, 1.75°). The friction angle parameter has an on-site variability 𝑉𝜙𝑏

 
= 0.03, such 

that the standard deviation of the parameter is 𝜎𝜙𝑏

 
= 𝑉𝜙𝑏

 
⋅ 𝐸[𝜇𝜙𝑏

′ ] = 1.05°.  
 
The distribution of the mean can be updated Bayesian inference. By using equations ( [2] eq. 6 
and 7) the updated expectance 𝐸[𝜇𝜙𝑏

′′ ] and variance 𝑉𝑎𝑟[𝜇𝜙𝑏

′′ ] are calculated based on the a 
priori assumption and the test results. By assuming no measurement error and no spatial 
correlation, the total variability on the mean may be approximated as 𝑉[𝜇𝜙𝑏

 ] =

√𝑉𝜙𝑏

2 + 𝑉𝑠𝑡𝑎𝑡,𝜇𝜙𝑏


2 , where𝑉𝑠𝑡𝑎𝑡,𝜇𝜙𝑏
2 =

𝑉𝑎𝑟[𝜇𝜙𝑏
′′ ]

𝐸[𝜇𝜙𝑏
′′ ]

2 . 
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The updated mean is given by 𝜇𝜙𝑏

′′ ~𝒩(37.1°, 0.47°). When the total uncertainty of the mean 
is considered the updated distribution of the friction angle is given by 𝜙𝑏~𝒩(37.1°, 1.31°). 
Compared to the a priori assumption the updated mean is higher, which leads to a more stable 
dam and the variability is lower. 
 

Table 7: Distributions for basic friction angle for first and updated assumption on mean value. 

Description Variables 

First assumption 

Mean: expectation and 
variance 

𝐸[𝜇𝜙𝑏

′ ] = 35° 𝑉𝑎𝑟[𝜇𝜙𝑏

′ ] = (1.75°)2 = 3.06 

On-site variability 𝑉𝜙𝑏

 
= 0.03  

Standard deviation of 
basic friction angle 

𝜎𝜙𝑏

 
= 𝑉𝜙𝑏

 
⋅ 𝐸[𝜇𝜙𝑏

′ ] = 1.05°  

Distribution 𝜙𝑏~𝒩(35°, 1.75°)  

Updated assumption 

Test samples 𝜙𝑏,1 = 37° 𝜙𝑏,2 = 38° 

Sample mean and 
number 

𝑚𝜙𝑏
= 37.5° 𝑛𝜙𝑏

= 2 

Mean: expectation and 
variance 

𝐸[𝜇𝜙𝑏

′′ ] = 37.1° 𝑉𝑎𝑟[𝜇𝜙𝑏

′′ ] = 0.47 

Total uncertainty of 
mean 𝑉[𝜇𝜙𝑏

 ] = √(𝑉𝜙𝑏

2 + 𝑉stat,�̅�𝑏

2

= 0.035 

𝜎[𝜇𝜙𝑏

′′ ]=𝑉[𝜇𝜙𝑏

 ] ⋅ [𝜇𝜙𝑏

′′ ] = 1.31° 

Distribution 𝜙𝑏~𝒩(37.1, 1.31°)  

 
 

𝐸[𝜇𝜙𝑏

′′ ] =

𝑚𝜙𝑏
𝑉𝑎𝑟 [𝜇𝜙

′

𝑏
] + 𝐸 [𝜇𝜙

′

𝑏
]
𝜎𝜙𝑏

2

𝑛𝜙𝑏

𝑉𝑎𝑟 [𝜇𝜙
′

𝑏
] +

𝜎𝜙𝑏

2

𝑛𝜙𝑏

 (8) 

 

𝑉𝑎𝑟[𝜇𝜙𝑏

′′ ] =

𝑉𝑎𝑟 [𝜇𝜙
′

𝑏
]
𝜎𝜙𝑏

2

𝑛𝜙𝑏

𝑉𝑎𝑟 [𝜇𝜙
′

𝑏
] +

𝜎𝜙𝑏

2

𝑛𝜙𝑏

 (9) 

 
The table below show probability for the concrete-rock normal load case with updated friction 
angle and the mean as its own variable.  The failure probability is reduced from 2.068 ·10-6 to 
5.032·10-7. 
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Table 8: Change in the probability due to updated friction angle 

 
LCi 

LCi – with updated 
angles 

Pf 2.068 ·10-6 5.032·10-7 

β 4.60 5.03 
 

Table 9: Sensitivity values for updated friction angle  

 
LCi 

LCi – with updated 
angle 

Concrete self-weight 0.49 0.80 
Ice load -0.26 -0.43 
Friction angle 0.59 0.21 
Dilatation angle 0.58 0.33 
Jacking loss -0.08 -0.18 

 
The comparison shows that the sensitivity of the friction angle decreases when updating the 
friction angle based on tests. With an updated friction angle, the concrete self-weight has now 
the highest sensitivity value.  
 

8 Conclusions 
The table below shows the estimated failure probabilities for the two load cases and failure 
modes. The flood load case gives the highest probability of failure for both failure modes, where 
the concrete-rock interface has the highest failure probability of these. 
 

 Concrete-rock (Fa) Rock joint (Fb) 
 Probability β Probability β 
Normal load case (LCi) 2.068 ·10-6 4.60 3.743·10-9 5.78 
Flood load case (LCii) 2.409·10-5 4.06 7.153·10-8 5.26 

 
The PMCD gives a suggestion for a target reliability index for ultimate limit states. The values 
from this analysis corresponds to dam consequence class U for the concrete-rock contact, see 
figure below. 
 

 
Figure 3: Minimum values for β in ultimate limit states [2] 

The sensitivity values presented in chapter 5 shows that the friction angle has a significant 
impact on the result and that preforming shear tests can be valuable to increase the safety factor, 
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as seen in chapter 7. Additional test of the concrete density may increase the safety factor even 
further. 
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ABSTRACT: The aim of this paper is to analyze the stability of a concrete dam in Sweden, 
obtaining its failure probability for different scenarios. Dams are structures that require a high 
level of safety, because its failure could produce very high consequences for both people and 
their environment. In this fragility analysis, two different scenarios are addressed: the normal 
load case and the flood load case. In order to analyze the sliding stability of the dam, the safety 
factors corresponding to the concrete-rock contact and a rock joint present in the foundation are 
calculated. For these two safety coefficients, two state functions are defined. Hence, failure 
probabilities corresponding to the four different explained cases are obtained. In this process, 
some of the variables used in for the stability analysis are considered as random following 
different statistical distributions, for example: water level, compressive strength of rock mass, 
friction angle of the concrete-rock and of the joint foundation. Finally, a sensitivity analysis is 
made for the input data of these cases. The results of this analysis allow to achieve conclusions 
about the sliding reliability of the dam as a system. 
 

1 Introduction 
The next study aims to solve the Theme D of the 14th ICOLD Benchmark workshop. The 
objective of this Theme D is studying the probability of failure of a concrete dam in the north 
of Sweden. 

1.1 Dam geometry 
The dam of study is a concrete dam located in the north part of Sweden. This dam is represented 
by a monolith 12 meters wide, 19 meters long and 25 meters high. It has a total volume concrete 
of 2870 cubic meters, as can be observed in Figure 1. It should be mentioned that this dam is 
used for hydropower, so water is usually close to the maximum pool water level. An anchorage 
was built through the dam, with a mean value jacking force 1080 kN/m. This anchorage is 
applied 16,5 meters from the downstream toe and during time has had a loss of 10% of the 
initial jacking force. It has been considered a concrete unit weight of 23.5 kN/m3. 
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Figure 1: Dam Geometry. 

1.2 Properties of environment 
The dam is consolidated on a granite foundation, where a joint is present. This joint make a 
wedge under the dam of 1376 cubic meters. The inclination of this joint is 20 degrees from the 
downstream toe. Two friction angles have to be considerate: the rock joint residual friction 
angle (32 degrees), this friction angle has also a dilation angle (8 degrees). The other friction 
angle is the concrete-rock contact with mean value 35 degrees. This value is given for a normal 
distribution obtained from two shear tests with 37 and 38 degrees respectively. In the granite 
foundation, a unit weight of 27 kN/m³ and a cohesion of 200 kN/m³ has been considered.  
 
This dam is located in the north of Sweden, so an ice load is included. This load has a mean 
value 200 kN/m and it is applied in 1/3 below the water retention level. 

1.3 Failure Modes analyzed 
In this paper, two situations of sliding failure are analyzed. The first one, is the sliding along 
the dam-foundation interface. The second one, is the sliding along a joint located in the 
foundation of the dam. Two different water levels in the reservoir (which indicates two 
different loading situations) are analyzed too, the normal situation (251 m.a.s.l.) and the flood 
situation (252.5 m.a.s.l.). 
 

2 Calculation of the deterministic factor of safety 
In this section, the factor of safety is computed for these failure modes. This factor is computed 
using the mean values of all the variables. In order to compute the factor of safety, the next 
equation is used: 
 

𝐹𝑆 =
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝐹𝑜𝑟𝑐𝑒𝑠

𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒𝑠
 (1) 
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This equation is used for two water pool levels: the normal situation with a value 24.10 meters 
above the foundation (251 m.a.s.l.)  and the flood situation with a water level of 25.60 meters 
(252.5 m.a.s.l.). These two water pool levels are analyzed for both failure modes: 

2.1 Dam-foundation contact 
Limit Equilibrium models are elaborated based on the recommendations of different authors 
for the sliding failure mode [1-6]. The considered forces for this failure mode are shown in 
Figure 2. In this case, cohesion in this surface is not taken into account. The resistance forces 
in the dam-foundation contact are the following: 
 

𝑅𝐹 = (𝑉 · ϒ𝐻 − 𝑈 + (𝑃0 + 𝛥𝑃)) · tan(Ф𝑏,𝑐 + 𝑖𝑐) (2) 
 

V: volume of the dam (m3) 
ϒH: unit weight of concrete (kN/m3) 
U: uplift pressures (kN/m3) 
P0: jacking force (kN) 
ΔP: loss of strength of jacking force (kN) 
Фb,c: basic friction angle (º) 
ic: dilatation angle (º) 
 

𝐷𝐹 = (𝐸ℎ + 𝐻) 
 

(3) 

Eh: Hydrostatic Pressure (kN/m2) 
H: Ice Load (kN) 
 

<  
Figure 2: Analyzed forces in the concrete-foundation sliding failure mode. 

Following these equations, a factor of safety of 1.61 is obtained for the normal case.  
 
For the flood case, the same equation is used. It only changes the ice load, which is not 
considered, and the water level in the reservoir. The factor of safety obtained is 1.13. 

2.2 Joint in the dam foundation 
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In this situation, the dam stability is analyzed along the joint surface, which is located in the 
dam foundation, as shown in Figure 3. In this case, the cohesion in this surface is considered 
using a value of 200 kN/m2. Due to the position of the joint, an horizontal uplift is considered 
through the upstream toe. 
 

𝑆𝐹 = [(𝑉 · ϒ𝐻 + 𝑉𝐶 · ϒ𝐺) · sin(90 − 𝛼) + (𝐸ℎ + 𝐻 + 𝑆ℎ) · cos(90 − 𝛼)]

· tan(Ф𝑏,𝑐
′ ) + 𝐵′ · 𝑐′ (4) 

 
𝐷𝐹 = [(𝐸ℎ + 𝐻 + 𝑆ℎ) · 𝑐𝑜𝑠(90 − 𝛼) + (𝑉𝐶 · ϒ𝐺 + 𝑉 · ϒ𝐻) · sin(90 − 𝛼)] (5) 

 

 
Figure 3: Analyzed forces in the joint sliding failure mode. 

Resulting factor of safety is 1.47 for normal pool level and 1.07 for the flood case.  

3 Definition of the limit state functions 

3.1 Limit state function equation 
The equation used to define the limit state functions is: 
 

𝑔∗ =
𝑟

𝑠
− 1 (6) 

 
r: resistance forces function 
s: driving forces function 
 
In this limit state functions, the variables considered as random (according to the Theme D 
instructions), are represented by its symbol. Like in the previous section, two failure modes are 
analyzed: the sliding along the dam-foundation interface and the sliding along the foundation 
joint. 

3.2 Sliding along the dam-foundation interface 
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𝑟 = [2870 · ϒ𝐻 + (𝑃0 + 𝛥𝑃) − (6933,71 + 1118,34 · (ℎ1 − 3,1))] · tan(Ф𝑟 + Ф𝑑) (6) 

 
𝑠 = 1118,34 · ℎ1

2 − 10747,25 + 𝐻 (7) 
 

𝑔 =
[2870 · ϒ𝐻 + (𝑃0 + 𝛥𝑃) − (6933,71 + 1118,34 · (ℎ1 − 3,1))] · tan(Ф𝑟 + Ф𝑑)

1118,34 · ℎ1
2 − 10747,25 + 𝐻

− 1 (8) 

 
h1: internal water level (m) 
Фr: dilatation angle (º) 
Фd: friction angle (º) 

3.3 Sliding along a rock joint in the foundation 
 

𝑟 = [2870 · ϒ𝐻 + 1376 · ϒ𝐺 − (9601,36 + 1548,61 · (ℎ1 − 3,1))] · tan(Ф𝑑
′ + 8) (9) 

 
Ф’d: friction angle in the joint (º) 

𝑠 = 1118,34 · ℎ1
2 − 10747,25 + 𝐻 (10) 

 

𝑔 =
[2870 · ϒ𝐻 + 1376 · ϒ𝐺 − (9601,36 + 1548,61 · (ℎ1 − 3,1))] · tan(Ф𝑑

′ + 8)

1118,34 · ℎ1
2 − 10747,25 + 𝐻

− 1 (11) 

 

4 Estimation of failure probability 
In order to estimate the failure probability, 10 random variables are used following Theme D 
instructions. The next table show the different random variables and theirs probabilistic 
distributions, including mean values and standards deviations: 

Table 1: Distribution of considered random variables 

Random variables Distribution Mean Value Standard 
Desviation 

Unit weight concrete Normal 23.5 kN/m3 0.8 kN/m3 
Specific weight 

granite Normal 27 kN/m3 0.54 kN/m3 

Basic friction angle 
concrete-rock Normal 35º 1.75º 

Dilatation angle 
concrete rock Lognormal 15º 3º 

Basic friction angle 
fracture rock mass Normal 30º 1,5º 

Jacking force pre-
stressed Normal 1080 kN/m 40.5 kN/m 

Losses of pre-stressed 
force Normal 108 kN/m 16.2 kN/m 

Ice load 
Lognormal 

Truncated between 0 
and 250 kN/m 

80 kN/m 80 kN/m 

Maximum ice load Normal 250 kN/m 25 kN/m 
Compressive strength 

concrete Normal 23.5 MPa 0.04 MPa 
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Montecarlo method is used to estimate failure probability with these probabilistic distributions. 
The reservoir water levels analyzed range from 251.1 to 254.3, following the available data 
about levels probability. These levels are discretized each 0.1 m, so in total, 33 different 
reservoir water levels are studied for the flood scenario. To obtain the probability of failure for 
each water level, the next equation is used: 
 

𝑃𝐹 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 (12) 

 
In order to calculate this equation, an spreadsheet that represents the stability for each analyzed 
case is used. This spreadsheet analyzes dam stability for each group of sampled values of 
random variables. In total, 1,000,000 groups of sampled values are analyzed and the factor of 
safety is computed for each one of them. Hence, it compares the number of failures (FS < 1) 
among all the sampled values, obtaining conditional failure probability for each water level.  
 
In this spreadsheet, the stress distribution below the dam is computed, obtaining the 
downstream and upstream toes to check that the minimum stress does not produce traction in 
the downstream toes and the maximum stress does not overcome the maximum stress of the 
concrete. The minimum stress of all this cases is lower than 0.5 MPa, so it is supposed that 
these tractions do not produce upstream cracks on the toe of the dam that could change the uplift 
pressures distribution below the dam. The maximum stress is lower than the maximum stress 
concrete. 
 
Following this method, results of failure probability are 0.01625 in the dam-foundation failure 
case and <10-6 in the foundation failure case for the normal scenario (with ice load and 
maximum water level in the reservoir).  
 
In order to obtain failure probability for the flood scenario, conditional failure probability is 
represented versus reservoir water level, the fragility curves for both failure modes are obtained, 
as can be observed in Figure 4. As can be observed, for lower water levels, conditional failure 
probabilities of joint failure mode are much lower than in the dam-foundation failure case. It is 
not until 252.6 m.a.s.l. when first failure probabilities are obtained for this case, which means 
that until this level, they are lower than 10-6. In any case, conditional failure probability is higher 
for the dam-foundation surface than in the joint in the complete range of water levels analyzed. 
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Figure 4: Fragility curves obtained for both failure modes. 

Therefore, following this approach in both failure modes, conditional failure probabilities are 
obtained given different water pool levels in the reservoir. In order to compute the total failure 
probability of the dam for each failure mode, these conditional probabilities should be combined 
with the probabilities of occurrence of reservoir water levels. These probabilities of occurrence 
of pool water levels are obtained through the discretization of the water levels exceedance 
probability curve included in the problem description. Hence, the probabilities of occurrence 
shown in Figure 5 are obtained. 

 
Figure 5: Probabilities of occurrence obtained for the analyzed range of water levels. 
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Finally, total failure probability can be computed by combining each probability of occurrence 
of water levels with the conditional probability of failure for this water level (obtained with 
equation 12 and shown in Figure 4). Therefore, the following equation is applied: 
 

𝑃𝐹𝑇 = ∑ 𝑃𝐹𝑖 · 𝑃𝑂𝑖 (13) 
 
PFT: total probability of failure 
PFi: conditional probability of failure of dam 
POi: probability of occurrence of water level 
  
The values obtained from the total failure probabilities for the flood scenario are as follows: 

Table 2: Results of failure probability. 

PFT D-F PFT JOINT 

0.0030146 9,53787E-05 

 

5 Sensitivity analysis 
The sensitivity analysis allows us to investigate what random variables have a high influence 
on the failure probability results. In order to perform this analysis, conditional failure 
probabilities are obtained for the two main water levels analyzed: normal case and flood case. 
This sensitivity analysis is focused on the dam-foundation failure mode results, since 
conditional failure probabilities obtained for the joint failure mode are lower than 10-6 for these 
two levels.  
 
This sensitivity analysis is made repeating the application of the Montecarlo method but fixing 
the analyzed random variable. This random variable is fixed in three different values: mean of 
the distribution, the mean plus its standard deviation and the mean minus its standard deviation. 
Therefore, the range of variation of conditional failure probability for these three values give 
us an idea of the influence of this random variable in the probability results. These results are 
shown in Figure 5. 
 
The result of this analysis show that the variables with more influence on the failure probability 
results are the concrete unit weight the friction angle for the dam-foundation surface. Results 
show that small changes in the probability distributions of these variables produce significant 
changes in the failure probability results. This shows the importance of characterizing properly 
the resistance parameter of the foundation in sliding analysis.  
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Figure 5: Results of sensitivity analysis. 

6 Conclusions 
The performed analysis have allowed computing failure probability in a existing concrete dam 
in Sweden for two failure modes. The combination of conditional failure probabilities with 
probability of occurrence of reservoir water levels, allows obtaining a single value of failure 
probability for each failure mode. Sensitivity analysis results show the importance of the 
probability distributions of the random variables (especially the resistance parameters in the 
foundation) in the failure probability results. 
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Probabilistic analysis of a gravity dam in Norway 
A new approach to dam safety in Norway? 
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ABSTRACT: During the spring 2017, a probabilistic analysis of dam Reinoksvatn was carried out, in 
order to gain experience with this type of analysis and how it can be used to evaluate safety of existing 
dams.  
 
The Reinoksvatn dam is a 20 m high and 400 m long concrete gravity dam located in Sørfold 
municipality in Norland County. The dam was built in the period 1985-86 and is connected to the 
Kobbelv hydro power plant. 
 
The analysis has been carried out by applying two different approaches: 

1. In the first part, a relatively simple element model has been used to calculate safety against 
failure based on so-called probabilistic methods.  

2. In the second part, estimate the safety has been carried out using deterministic methods. In this 
part of the project, an element model has been used and provide a more accurate description of 
the actual behavior of the dam. 

 
This analysis is part of a lager Norwegian Research and Development project, named “Dam safety in 
an overall perspective” that is administrated by EnergiNorge. This is a joint project with participants 
from the Norwegian dam safety sector. One of the objects of this project is to look at alternative 
approaches to evaluate the safety of existing concrete- and masonry dams. 

 Introduction  
Requirements for stability of concrete dams in the current regulations are based on 
simplifications, which in many cases are conservative. As a consequence unnecessary 
rehabilitation works may be carried out on dams that are safe, but does not meet the safety 
requirements. It is therefore desirable to look into how the assumptions for the calculations 
affect stability, in order to provide a better model to assess the actual safety and capacity. In 
this respect, it is also desirable to identify which elements that have most effect on the 
uncertainty when calculating sliding and overturning of the dam. 
 
In a probabilistic analysis, a safety factor is not relevant, instead a probability distributions for 
all variables is defined. Using statistical methods, one can thus calculate possible outcomes that 
combined with a failure criterion gives a probability of failure. This probability is then 
compared to a safety requirement. This method of analysis form the basis for the partial factors 
for materials and loads in e.g. the Eurocodes. 
 
This probabilistic analyses is based on the “Probabilistic Model Code for Concrete Dams” 

written by Marie Westberg Wilde and Fredrik Johansson for Energiforsk in Sweden [1].In 
addition, data from the Joint Committee on Structural Safety (JCSS) are used [2]. This 
committee is supported by six international associations in construction engineering – CEB, 
CIB, FIB, IABSE and RILEM. 
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Analysis in this report is carried out on the Reinoksvatn dam, a 20 m high and 400 m long 
concrete gravity dam, to illustrate the issues above with a probabilistic analysis. Traditional 
calculation of dam stability shows that the dam has insufficient sliding capacity when friction 
angle of 45o is assumed.  

  

Figure 1: Airplane view and downstream side of the dam. 

 Dam stability 
Uncertainty is present in loading, materials and models. The Norwegian regulations on dam 
safety (Damsikkerhetsforskriften) [3] handle this by require a minimum safety against sliding 
and overturning. This method is called a deterministic method. A deterministic method is based 
upon empirical data and/or calibrations with probabilistic methods. 
 
The problem with deterministic methods is that they provide limited understanding of what 
causes uncertainties and how an increased reliability can be achieved. Deterministic methods 
are simple to apply in design, and therefore well suited for design of new structures. For 
reassessment of existing structures however, conservative assumptions can lead to extensive 
rehabilitations that are not really necessary. 

2.1 Probabilistic design 
In a probabilistic analysis, the uncertain variables are defined directly, and the probability of 
failure is calculated based on these variables. The method also returns how much each variable 
affect the reliability, and based on this it is possible to take effective actions to increase the 
reliability. These actions can range from doing measurements to get more accurate data 
(reducing uncertainty), to strengthening a specific component of the structure. 
 

 
Figure 2: The overlapping region between load (Belastung) and resistance (Kapazität) define 

situation where the structure will fail [4] 
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Figure 2 illustrate how both the loading on a structure, and the resistance of the structure is 
uncertain. A deterministic method uses a load factor (γS) and a material factor (γR) which 
increases the characteristic load, and decreases the characteristic capacity. If the design load is 
less than the design resistance, the structure is assumed to have sufficient safety. These factors 
are based on an acceptable level of risk. A probabilistic method calculates the probability of 
failure directly and compares that to the acceptable level of risk. 
 
Eurocode 0 allows the use of probabilistic design as an alternative to the use of partial safety 
factors in section 3.5 [5]. 

2.2 FEM-model 
A 2D finite element model of a 1-meter wide section of the Reinoksvatn dam, is modeled and 
analyzed with the finite element program SOFiSTiK 2016 [6]. 
 
A set of variables is used to define the uncertain variables of the dam. A statistical module of 
SOFiSTiK called RELY is used to define these variables and evaluate how they influence the 
safety of the dam. The variables are defined in section 3, and include Self weight, Geometry 
and loading. 

Two criterions are used to define failure of the dam. One criterion define sliding failure and the 
other define overturning. These are explained in detail in section 4.  

The dam is modelled with 2D shell elements with a linear elastic material model. The interface 
towards the rock foundation is modelled with springs. Both a linear and a nonlinear model is 
used to model the concrete-rock interface. The nonlinear springs do not carry any tension loads, 
and lose their shear capacity when not in compression. 
 
Two different approaches are used for evaluation of the probabilistic problem. A method called 
FORM (First Order Reliability Method) was primarily used to calculate the reliability. This 
method is based upon a linearization of the failure criterion, and is a very efficient way of 
calculating the reliability. In addition to returning the probability of failure for the structure, the 
method returns the sensitivities for each variable. However, as the method is based upon a 
linearization, it does not converge well for highly non-linear problems. An illustration of the 
FORM method is given in Figure 3. 

 
Figure 3: A visualization of the FORM method. 

An alternative approach is to use a Monte Carlo simulation. This method is a level 3 method, 
or full probabilistic method, as it does not include any linearization. The method is considered 
exact and also works for highly non-linear problems, but is computationally costly. A large 
amount of realizations of the problem is carried out and the probability of failure is defined as 
the number of failed samples divided by the total number of samples. 
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In this project, we have mainly used the FORM method, and then used Monte Carlo with a 
limited number of simulations to verify the results. 

Table 1: Relation between reliability index and probability of failure [5] 

Pf 10-1 10-2 10-3 10-4 10-5 10-6 10-7 
β 1,28 2,32 3,09 3,72 4,27 4,75 5,20 

 

 Definition of variables 
The variables describing the loads acting on the dam and the resistance of the structure is 
modeled with probability density functions (PDF). A common PDF for natural random 
variables is a normal distribution, described by a mean value and a standard deviation. Other 
distributions used in this project is log-normal distributions, which constrain the PDF to only 
positive values, and Gumbel distributions which models extreme values well. 
 
The coefficient of variation is defined as the ratio of the standard deviation, σ, to the mean, µ. 

𝑐𝑣 =
𝜎

𝜇
 (3) 

3.1 Stiffness of concrete 
The E-modulus of the concrete is modelled with a normal distribution, with a mean value equal 
to the E-modulus of B35 (34 000 MPa) and a coefficient of variation (C.o.V) of 0.15. This 
C.o.V is recommended by the JCSS model code [2], table 3.1.1. 

3.2 Structural self-weight  
Structural self-weight is modelled with a normal distribution, with a mean value of 24 kN/m3 
and a coefficient of variation of 0.04. The C.o.V is recommended in table 2.1.1 in JCSS model 
code. [2] 
 
In PMCD chapter III:.1.4 (Probabilistic model code for concrete dams) a reduction of the C.o.V 
of 0.85 is proposed. [1] This gives a C.o.V of 0.034. 

3.3 Cohesion 
The PMCD have no recommend values for cohesion. We have chosen to include this in our 
analysis to see what kind of effect cohesion has on the sliding capacity. The value is taken from 
tests carried out by NORUT (Northern Research Institute) at the Målset dam [7]. The 
probability density function is implemented in the analysis as a log-normal distribution with a 
mean value of 0.389 MPa and a coefficient of variation of 0.289.  
 
The figure below shows a normal distribution, which was first implemented with the same 
values. This gave some problems due to the possibility of negative values for the cohesion, 
which is impossible to achieve in reality. A log-normal distribution was therefore considered to 
provide the best fit to the experimental data. This distribution is considered conservative as it 
is shifted more towards lower values of cohesion.  
 
Eurocode 2 recommends a cohesion of 0.2 ∙ 𝑓𝑐𝑡𝑑 for a smooth surface between concrete cast at 
different times. This would give a cohesion of 0.328 MPa for B30 concrete. A smooth surface 
is defined as a slipformed or extruded surface, or a surface left without further treatment after 
vibration. [8] This value is similar to the mean value proposed by NORUT. 
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Figure 4: Probability density function, cohesion 

3.4 Friction 
The friction angle is included according to chapter III:.3 in PCCMD, with a tan φ-mean value 
of 35° (0,7) and a standard deviation of 1,75° (0,031). [1] 
 
Eurocode 2 proposes a friction factor of 0.6 for a smooth surface between concrete cast at 
different times. This is somewhat lower than the mean value applied in the analysis, but the 
surface between rock and concrete is rougher than the smooth surface, defined in EC2. [8] 

3.5 Rock bolts, yield strength of the reinforcement 
The yield strength of rock bolts is modelled with a lognormal probability function. We have 
included this in the analysis only on the capacity side for sliding according to the shear formula 
in EC2. The mean value is 180 MPa, with a coefficient of variation of 0.89.  

 
Figure 5: Probability density function, yield strength of reinforcement 

3.6 Hydrostatic pressure 
The probability density functions for the water level is based on daily measurements of the dam 
water level from 1988 to 2017. In the analysis, we have assumed two different load situations: 
(i) Winter season (November - May) including Ice loading and (ii) Summer season (June – 
October) which include flooding. 
 
Figure 6 (graph to the left) shows the probability density function for the water level during 
winter, based on the flood histogram, where the maximum water level is taken as 19.5 m, 0.5 
m above highest operating water level (HRV). The probability of the water exceeding 19.0 m 
is 1.7 % for this distribution. Figure 6 also shows the probability density function for the flood 
case (graph to the right), based on the flood histogram. The maximum water level is taken as 
20 m (dam height). This density function gives probability of the water level exceeding 19.8 
(1.5·Qdim) of 0.2%.  

  
Figure 6: Probability density function for Water level (Left: Ice load case - Right: Flood case) 
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In probabilistic analysis, the yearly probability of the variable is used as reference. We chose 
to use the monthly maximum values to base our probability densities on, due to larger data 
sampling. 
 
The uplift pressure is implemented in the calculations according to normal practice. It varies 
linearly from the heel to the toe of the dam if the resultant is within 1/3 of the base width. If the 
resultant is downstream this area, the uplift pressure is constant over the area without 
compression. 

3.7 Ice loading 
The ice load according to PMCD, should be described by a log-normal distribution, shown in 
the figure below. According to NVE guidelines, an alternative method for calculating ice load 
returns a load of 125 kN/m for Sørfold municipality. This is based on a frost level with a return 
period of 100 years.  
 
Initially, the analysis was executed with the log-normal distribution proposed in PMCD which 
resulted in unrealistic high ice load over 800 kN/m, as the log-normal distribution ranges from 
0 to ∞. As the ice load is in reality a deformation load, we implemented a trapezoidal 

distribution to fit the log-normal curve but not exceed 150 kN/m. This distribution gives a 3% 
annual probability of the ice load to exceed 125 kN/m. 

 
Figure 7: Probability density function, ice load [1] 

The ice load is applied 0.25 meters below the water level, e.g. the ice thickness is assumed 0.5 
meter with the resultant acting at the center of the layer of ice. 

3.8 Geometric variation 
The geometric variation is included as a delta applied to the height and width of the dam. This 
probability density function is based on normal building tolerances, to investigate what kind of 
impact this can have on failure of the dam. The probability density function is described with a 
normal distribution, with a mean value of 0 and a standard deviation of 0.1 m. 

 Failure criterion 
A failure criterion has to be defined for each failure mode. Failure happens when the failure 
criterion is less than, or equal to, zero. To achieve convergence with FORM (chapter 2.2) the 
failure criterion must be expressed so that the software also know how close it is to failure. A 
normal expression is: 

𝑅 − 𝐹 > 0 (4) 
Where R is resistance and F is loading. 
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4.1 Overturning 
The failure criterion is specified as 𝑒𝐸𝑑 − 𝑒𝑅𝑑 > 0 
 
The eccentricity of the resultant from the dam toe, eEd, is calculated by reading the spring forces 
under the dam and finding the resultant placement based on the pressure distribution of these. 
Overturning occurs when the resultant is downstream of the dam toe (i.e. eEd<0). In reality 
crushing of the concrete at the dam toe will occur before this, so the design value is set to eRD 
= B/24 (≈0.67m). 

4.2 Sliding 
The sliding capacity is based on the formula for design shear capacity for casting joints, 
according to Eurocode 2 [8]. This formula contains cohesion, friction and bolt capacity. This 
makes it possibel to assess the contribution of other variables in addition to friction. Assuming 
a plane surface between the rock and the dam, makes the model simple and transparent while 
providing results that are directly comparable to the requirements of existing regulations. 
 
The failure criterion is specified as 𝑉𝑅𝑑 − 𝑉𝐸𝑑 > 0, where the sliding force, VEd, is the sum of 
all horizontal forces, while the design sliding resistance, VRd, is defined as: 
 

𝑉𝑅𝑑 = 𝑁′ ∙ 𝜇 + 𝐴𝑐 ∙ 𝑐 + 𝜇 ∙ 𝑓𝑦 ∙ 𝐴𝑠 (5) 
 
Where, N’ = the sum of all vertical forces, µ = the friction coefficient, Ac = the area of the 
foundation in pressure, c = the cohesion, fy  = yield strength of rock bolts and As = the area of 
the rock bolts. 
 
Cohesion, friction and rock bolts are only included in estimation of sliding capacity. Cohesion 
and friction does not affect the stability against overturning. 

 Results 
The results of the probabilistic analysis gives us a β, which should exceed the target safety index 
for the dam consequence class, given in table PI-6.2 in PMCD [1]. It also returns the design 
point, which is the combination of variables leading to failure that is most likely to occur. The 
alpha values reflect the sensitivity of each variable and reflect how important that variable is 
compared to the other variables. To improve the safety of the dam the most sensitive variable 
should be addressed first.   
 
The results are shown in the tables below.  

Table 2: Probability of failure and safety index (β). 

Failure mode 

Situation 1 
Winter season with ice load 

Situation 2 
Summer season with flooding 

Probability of 
failure 

β – safety index Probability of 
failure 

β – safety index 

Overturning 2.14·10-7 5.05 6.42·10-8 5.28 
Sliding 5.17·10-7 4.88 2.93·10-7 5.12 
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Table 3: Sensitivity values (Alpha) and values at the design point where failure is most likely 
to occur. 

Variable  

Situation 1 
Winter season with ice load 

Situation 2 
Summer season with flooding 

Overturning Sliding Overturning Sliding 
Failure 
value 

Alpha Failure 
value 

Alpha Failure 
value 

Alpha Failure 
value 

Alpha 

E-modulus [MPa] 34 000 0 % 34 000 0 % 34 000 0 % 34 000 0 % 
Ice load [kN/m] 120.2 11 % 119.76 12 % Not relevant Not relevant 
Self-weight[kN/m3] 20.90 56 % 21.10 53 % 20.50 66 % 20.67 63 % 
Rock bolts [kPa] Not included 129 358 0 % Not included 129 358 0 % 
Water level [m] 19.31 30 % 19.30 32 % 19.83 32 % 19.83 34 % 
Delta height [m] -0.06 1.5 % -0.05 1.0 % -0.07 1.7 % -0.06 1.2 % 
Delta width [m] -0.03 0.4 % -0.04 0.8 % -0.03 0.4 % -0.05 0.8 % 
Cohesion [MPa] Not relevant 0.32 1.1 % Not relevant 0.32 0.9 % 
Friction Not relevant 0.70 0 % Not relevant 0.70 0 % 

5.1 Verification of results 
The four cases with their corresponding failure load is analyzed with non-linear springs under 
the foundation to verify that the linear springs used in the probabilistic analysis is valid. In the 
probabilistic analysis the springs under the foundation is modeled as linear. Due to the huge 
number of analysis need to perform the probabilistic analysis, the linear spring reduces the time 
for analyzing and ensures convergence of the β–safety factor. The non-linear spring model 
include non-tension springs along the foundation that has no stiffness in tension.  
 
The figure below show the forces and deformations in the springs for the failure point for sliding 
with ice load. 
 

 

 

  

Figure 8: Spring forces (left), deformations (middle) and pore pressure (right) for non-linear 
analysis. Full pore pressure is assumed in the base area without compression. 

The standard load cases, used to determine the capacity according to regulations, has been 
analyzed with the non-linear model. The results are presented in the table below. 
 
The following table shows the capacity against overturning and sliding. By including cohesion, 
the capacity against sliding is increased significantly compared to only applying a friction 
coefficient. The rock bolts contributes only to a small increase in the capacity of 62 kN, and 
has no effect on the stability. In comparison, the cohesion contributes with approximately 6 000 
kN increase in capacity for the standard load cases. Even a small cohesion value of 0.1 MPa 
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could give an increase in capacity of 1 500 kN, compared to a situation when cohesion is not 
considered. 

Table 4: Dam stability (design flood: +0.69 m, PMF: +0.8 m).  

  Ice load 
100 kN/m 

Design 
flood PMF Comment 

Overturning  
(Eccentricity) 

Calculated 5.44 m 5.57 m 4.81 m OK 
Required 5.33 m 5.33 m 2.67 m  

Sliding  
(Factor of 
safety, FS) 

Only friction 1.36 1.31 1.29 Lower than required SF 
With cohesion 4.31 4.22 4.17 OK 
Required 1.5 1.5 1.1  

 
Safety criteria for overturning is given by eccentricity of the resultant force from the 
downstream toe. Safety criteria against sliding is given by Factor of Safety (FS).  
 
The design points that results in failure from the probabilistic analysis has been analyzed in the 
non-linear model. The non-linear model confirms that the design points are approximately the 
same using linear springs.  

 Conclusions  
The reliability index ranges from 4.88-5.28 for the four design cases. In general, overturning 
has a higher safety factor than sliding, which corresponds to the results from calculation of the 
stability in accordance with the traditional method in the dam safety regulations. 
 
The Reinoksvatn dam is classified as a class B dam according to PMCD with a target reliability 
index above 4.8 with reference period 1 year [1]. 
 
The probabilistic analysis show that the dam has a sufficient reliability index within the defined 
probabilities in chapter 3. As seen by the alpha values in all load cases, the self-weight of the 
structure is the largest factor of uncertainty in the model. This is uncertainty can be reduced 
greatly by taking concrete samples and measuring the self-weight. We do not have access to 
any measurements of the density of the concrete in the dam. The distribution and mean for the 
self-weight is therefore based on typical values in a design phase. By measuring the concrete 
weight, the uncertainty can be reduced and the safety index may increase. 
 
The second most significant variable is the water level. The used distributions are roughly 
estimated based on observations. A more detailed evaluation of the data could give better 
statistical basis to apply the corresponding flood water level distribution. 
 
The winter season analysis gives highest probability for failure, due to ice load. In reality, the 
ice load is a deformation load that will disappear even with very small deflections. In addition, 
a flood water level of 0.5 m above maximum normal operating level (HRV) is possible during 
the winter season. Restricting this variable can reduce the probability of failure.  
 
The small alpha values for the cohesion, only 1%, may seem surprising. Cohesion is dependent 
on the area in compression in the failure plane. When, e.g. reducing the self- weight, the area 
in compression may also reduce. This effect has much greater influence on the results than the 
value of cohesion itself. This can explain the low alpha value for cohesion.  
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The alpha value of rock bolts is zero. With a mean value for the yield-strength at 180 MPa and 
only one ø25 mm bolt per meter along the dam axis, the capacity of these are very small and 
corresponding contribution to total sliding capacity is negligible.  
 
To increase the reliability of the dam, further investigations of the following factors are 
recommended: 

• Self-weight: Carrying out tests of the concrete density could reduce the variance of 
the probability density function, and lead to better reliability. 

• Ice-pressure measurements: As the ice load is a deformation load and is in this 
analysis included as a static load, measurements of the ice-pressure on the dam could 
give a better indication of the ice load value.  

• Ice-pressure effect: Implementing the ice load as a small deformation in the 
analysis. Further investigations and modeling of how the ice pressure affect the dam 
can also influence the results. 

• Flood levels: New flood calculations that includes the real statistical distribution of 
flood events would improve the results. The present flood calculations are based on 
assumptions regarding the initial water level and do not reflect the actual probability. 
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ABSTRACT: In recent years, risk analysis techniques have proven to be a useful tool to inform dam 
safety management. For this reason, in the last Benchmark Workshops, three themes related with 
numerical aspects of dam risk analysis were discussed. In fact, 2015 Benchmark Theme B was 

focused on computing failure probability for instability failure and separating epistemic and natural 
uncertainties in an embankment dam.  

 
This work represents a step further, analyzing how risk results, obtained from considering epistemic 

uncertainty separately, are useful to evaluate the need of uncertainty reduction measures like site tests 
or further analysis. Different numerical indexes are presented to analyze the effect of epistemic 

uncertainty on prioritizing investments based on risk outcomes. 
 

Finally, these numerical indexes have been applied for prioritizing risk reduction measures for four 
gravity dams in Spain. Results allow to better understand how epistemic uncertainty about 

geotechnical resistant parameters is influencing the risk-informed decision-making process and how 
they help to define the need for more tests and surveys. 

1 Introduction 
In recent years, risk assessment techniques have been developed and applied in the dam industry 
worldwide to inform safety governance [1]–[4]. As explained in [5], in recent years four themes 
related to dam risk analysis has been discussed in the Benchmark Workshops organized by the 
International Commission on Large Dams Technical Committee on “Computational Aspects of 

Analysis and Design of Dams.” In the 2011 and 2017 Benchmark Workshops, estimation of the 

probability of failure of a gravity dam for the sliding failure mode was discussed. Next, in 2013, 
the discussion focused on the computational challenges of the estimation of consequences in 
dam risk analysis. Finally, in 2015, the probability of sliding and overtopping in an embankment 
was analyzed, investigating how epistemic and natural uncertainty can be separated in fragility 
curves. 
 
In this workshop, it was highlighted that one of the main difficulties of applying risk analysis 
techniques in the dam safety field is related with how uncertainties are explicitly considered 
today (in the context of risk analysis) in opposition to the more traditional implicit treatment 
(in the context of state-of-the-art dam safety practice). 
 
When risks associated with complex structures are analyzed, evaluation of uncertainty should 
play an important role in the analysis of the behavior of a constructed facility [6]. In general, 
two sources of uncertainty are considered [7]–[9]: 
 

• Natural uncertainty or randomness: Produced by the inherent variability in the 
natural processes.  An example is the variability of the loads that the structure has to 
withstand, for instance, the variability in the potential floods magnitude that can occur. 
This type cannot be reduced, though it can be estimated.  
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• Epistemic uncertainty: Resulting from not having enough knowledge or information 
about the analyzed system. This lack of information can be produced by deficiency of 
data or because the structure’s behavior is not correctly represented.  The more 

knowledge that is available about a structure or system, the more this type of uncertainty 
can be reduced.  

 
In the dam safety field, both types of uncertainty are generally introduced in risk model inputs, 
without specifically distinguishing the effect of epistemic uncertainty and generally giving 
more importance to natural uncertainty. These results are very useful to prioritize risk reduction 
investments, but still two important questions for dam safety governance remain unanswered: 
 

• How is epistemic uncertainty influencing the decisions made based on risk results? 
• How potential uncertainty reduction measures (geotechnical tests, dam computational 

models, improvements in dam surveillance and monitoring…) can improve dam safety 

governance? 
 

In order to solve these questions, this paper presents two numerical indicators named Indexes 
of Coincidence that measure the effect of epistemic uncertainties in risk-informed decision 
making. These Indexes are computed comparing the effect of epistemic uncertainty in 
prioritization sequences of potential risk reduction measures. These sequences of measures are 
obtained with the procedure developed in [10].  

2 Uncertainty in risk models for dams 
Risk is the combination of three concepts: what can happen, how likely is it to happen, and 
what are its consequences [11]. Following this definition, in the dam safety field, risk is usually 
quantified with the following equation [12]: 
 

𝑅𝑖𝑠𝑘 =  ∫ 𝑃(𝑙𝑜𝑎𝑑𝑠) · 𝑃(𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒|𝑙𝑜𝑎𝑑𝑠) · 𝐶(𝑙𝑜𝑎𝑑𝑠, 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒) (1) 
 
where the integral is defined over all the events under study, P(loads) is the probability of the 
different load events, P(response|loads) is the conditional probability of the structural response 
for each load event and C(loads,response) are the consequences of the system response for each 
load event. In the dam safety field, the system response analyzed is the dam failure. 
Consequences can be introduced in economic terms to obtain economic risk or in terms of 
potential loss of life, to obtain societal risk [10]. 
 
These terms of the equation are usually analyzed independently and they can be combined 
within a quantitative risk model to compute dam failure risk. In these risk models for dams, 
natural and epistemic uncertainties are not usually introduced separately. They are usually 
mixed in the probability input data introduced for the structural response with a mean 
conditional failure probability for each loading state [13]. This approach is called first-order 
probabilistic risk analysis [14] and it is the most common approach in risk-informed dam safety 
management [2], [3], [15].  
 
First-order probabilistic risk analysis represents the Level 4 of complexity in the classification 
developed by [16]. There is a higher level of complexity to fully represent both types of 
uncertainty (Level 5), called second-order probabilistic risk analysis. In this level, epistemic 
and aleatory uncertainties are introduced separately in the risk model, defining probability 
distributions for input data in the risk equation.  
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Hence, in a second-order probabilistic risk analysis, a risk probability distribution and a family 
of FN curves are obtained instead of a single value and curve, as explained in [14], [17]. The 
spread of risk probability distribution and the family of FN curves thus represents the degree of 
epistemic uncertainty in the risk assessment. In Figure 2, the type of risk results and risk 
representation are compared for first-order and second-order probabilistic risk analyses. 
Second-order probabilistic risk analysis is more common in other industries like the nuclear 
industry [18].  
 

 
 

Figure 2: Comparison of risk results and risk representation between first-order and second-
order probabilistic risk analysis. 

3 Risk-informed decision making for dam safety management 
Once risk results are computed, they are used to inform dam safety management. In general, 
risk analysis to inform dam safety governance is contextualized within the Tolerability of Risk 
(TOR) framework developed by [19] for risk evaluation and management. This framework has 
been widely used worldwide to define risk-informed dam safety programs [2]–[4], [20]. 
According to this framework, two basic principles are generally used to guide decision making 
[1], [19]:  
 

• Equity: This principle is based on the premise that all individuals have unconditional 
rights to certain levels of protection. This principle is applied through the individual 
risk, which can be defined as the probability that at least one person dies as a result of 
the dam’s failure [3]. 

• Efficiency or utility: This principle arises from the fact that society possesses limited 
resources, which must be spent in the most efficient way. When considering several risk 
reduction measures, the one producing a higher risk reduction at a lower cost (the one 
that optimizes expenditure) should generally be chosen first. 

 
When quantitative risk analysis is applied to inform safety management of portfolios of dams, 
a high number of results are obtained. In this context, risk reduction indicators have proved to 
be a useful tool to prioritize risk reduction measures [10], [21], [22].  

583



 
These indicators are numeric values obtained for each potential risk reduction measure 
considered based on its costs and the quantitative risk reduction it provides. Risk reduction 
indicators are directly related with equity and/or efficiency principles (as shown in Figure 3) 
and they are computed based on risk results obtained for each considered measure with a first-
order probabilistic risk analysis. In [10], a procedure to obtain prioritization sequences based 
on risk reduction indicators is introduced. In each step of the sequence, the measure with the 
lowest value of the indicator is chosen. It is demonstrated that risk indicators are a useful tool 
to prioritize a high number of investments in a portfolio of dams. In [22], a new indicator called 
Equity Weighted Adjusted Cost per Statistical Life Saved (EWACSLS) is presented and it 
combines equity and efficiency risk reduction principles.  

4 Indices of Coincidence to analyze epistemic uncertainty in dam 
safety decision making 

In dam safety management, two types of investments can be analyzed: risk reduction measures 
(higher outlets capacity, freeboard requirements…) and uncertainty reduction measures 
(geotechnical tests, dam computational models…). These two types of measures have a 
different impact on a risk probability distribution obtained by a second-order probability risk 
assessment. Risk reduction measures move the probability distribution downwards, while 
measures to reduce epistemic uncertainty produce a less steep risk distribution.   
 
As explained in Section 3, current approaches to inform dam safety are focused on average risk 
results from first-order probabilistic risk analysis and natural uncertainty. For this reason, they 
are used to prioritize risk reduction measures but they do not analyze the effect of epistemic 
uncertainty. However, this type of uncertainty can influence decision making and prioritization 
sequences. For instance, in high epistemic uncertainty situations, the decisions made can change 
depending on the values considered within the epistemic uncertainty distributions.  
 
As explained in Section 2, in a second-order probabilistic risk analysis a high number of risk 
results are obtained instead of a single risk value. The spread of these results indicates the 
existing epistemic uncertainty. Hence, a high number of risk results are obtained for the base 
case and for each risk reduction measure analyzed.  
 
When these results are combined with the calculation of prioritization sequences explained in 
Section 3, a high number of sequences are obtained for each risk reduction indicator, instead of 
a single sequence for the average values. The differences between these high number of 
sequences indicate how epistemic uncertainty influences decision making. In a case where 
epistemic uncertainty is not influential, the order of the analyzed measures in all the sequences 
will be the same, while in a case with a high influence of epistemic uncertainty, there will be 
higher differences in the order of measures within the sequences. According to the authors, this 
is the key of dealing with epistemic uncertainty within dam safety management: analyzing how 
it can change the decisions made and when it is recommended to invest in reducing this type of 
uncertainty.   
  
Based on this reasoning, two different indices have been developed and proposed in this paper 
to measure the effect of epistemic uncertainty in the calculation of prioritization sequences. 
These metrics are based on the difference in the order of measures between each sequence 
obtained with the results of a second-order probabilistic risk analysis and the reference sequence 
obtained with the average values from first-order risk analysis. The two indices developed are:  
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• Index of Coincidence (IC): It quantifies the difference in the order of measures 

between two sequences. For each step of the measure, it is computed with the division 
of the difference in the position of a sequence in the two itineraries and the maximum 
difference in the position that there could be.   

• Adjusted Index of Coincidence (AIC): It is computed multiplying the Index of 
Coincidence in each step by a factor to preponderate the first measures of the sequence, 
since they are more important in the decision making process.  

 
Thus, these indices of coincidence can be used to compare each implementation sequence 
obtained through a second-order probabilistic risk analysis with the reference implementation 
sequence obtained with a first-order probabilistic risk analysis. Hence, a high number of Indices 
of Coincidence are obtained, one for each sequence. The average Index of Coincidence of all 
these sequences is an indicator on how epistemic uncertainty is influencing decision making, 
since it indicates the differences in the order of measures that epistemic uncertainty could 
produce.  
 
According to the authors’ experience, Table 1 shows reference values of average Indices of 

Coincidence and what they could indicate when they are computed for a single source of 
uncertainty in the risk model. 
 
Finally, Indices of Coincidence indicate the need for epistemic uncertainty reduction measures, 
so they are very useful for risk-informed dam safety management. In this sense, the effect of 
epistemic uncertainty reduction measures in the probability distributions introduced in the risk 
model can be estimated and Indices of Coincidence can be recomputed. Expected increments 
in average Indices of Coincidence of more than 5% indicate effective uncertainty reduction 
measures, especially when Indices of Coincidence are lower than 85%.  

Table 1: Indicative meaning of average Index of Coincidence when computed for a single 
source of epistemic uncertainty. 

Average Index of 
Coincidence value 

Degree of influence of this source of epistemic 
uncertainty in measures prioritization 

> 99% Low 
95% - 99% Low-Medium 
95% - 85% Medium 
85% - 75% Medium-High 
75% - 60% High 

< 60% Efforts should be focused on reducing epistemic uncertainty 
before significant investments in risk reduction 

 

5 Case study 
In this section, the approach introduced in this paper is applied to inform safety management in 
four existing concrete gravity dams in Spain. The starting point for this case study is the risk 
models elaborated within a first-order probabilistic risk analysis performed on each dam. The 
analysis made is focused on the potential sliding of these dams and the epistemic uncertainty 
about the foundation resistant capacity. Hence, the analysis introduced in this case study is 
focused on this source of epistemic uncertainty within the risk model and how it can influence 
decision making.  
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Sliding safety management in these dams deals with the prioritization of potential risk reduction 
measures and/or investing in reducing uncertainty about the foundation. A total number of 20 
potential risk reduction measures have been analyzed in the four analyzed dams. These 
structural and non-structural measures came from a list of actions already planned by the 
operators to improve dam safety, including improvements in operating rules, emergency 
procedures, outlet works, dam bodies and foundations.  
 
First, in order to introduce epistemic uncertainty within the risk models for this failure mode, 
the procedure described in [13] has been followed to obtain a family of fragility curves. In this 
case, since the uncertainty on the foundation resistance capacity is the main concern for the 
sliding failure modes in these dams, two independent random variables are considered within a 
Limit Equilibrium Model: friction angle and cohesion. Following the procedure detailed in [13], 
a family of 1000 fragility curves has been obtained for each dam. For instance, Figure 5 shows 
the family of fragility curves obtained for dam A. The spread of this family is an indicator of 
the influence of the epistemic uncertainty in the results. 
 
Second, the family of fragility curves has been introduced in the quantitative risk model 
elaborated for each dam in order to obtain a risk probability distribution for sliding failure. 
These risk models have been elaborated using iPresas Calc software [23], which is based on 
event trees to compute failure probability and risk. The risk model architecture of the four risk 
models is very similar. These risk models have been used to compute risk for the current 
situation and for the 20 risk reduction measures analyzed. Detailed procedures followed to 
derive consequences input data are explained in [24]. 
 
For each curve of the family of fragility curves of each dam, these risk models are used to 
compute failure probability, economic risk and societal risk. For each dam, societal risk results 
have been sorted to obtain the societal risk probability distribution shown in Figure 6. As can 
be observed in these graphs, societal risks are higher for Dam B and Dam C, while risk 
variations due to epistemic uncertainty are higher for Dam A and Dam D.  
 

 
Figure 5: Family of fragility curves obtained for Dam A. 
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Figure 6: Societal risk probability distributions obtained for the four dams.  

 
Third, once these risk distributions are obtained, Indices of Coincidence proposed and described 
in this paper have been computed to solve the key question of this paper: Is epistemic 
uncertainty influencing decision making?  With this purpose, the 20 risk reduction measures 
analyzed have been prioritized following the procedure explained in [10], using the EWACSLS 
indicator [22], combining equity and efficiency principles. 
 
A reference implementation sequence of measures is obtained from the risk results, which in 
turn were obtained from the reference fragility curve in each dam. Next, 1000 implementation 
sequences were obtained combining the 1000 fragility curves with the risk results obtained for 
each dam. These 1000 sequences are compared with the reference sequence to obtain the 
average Indices of Coincidence shown in Table 2 (Base Case).  As can be observed in this table, 
these indices have been computed after prioritizing measures for each dam independently and 
prioritizing the 20 measures together. Figure 7 shows the variation graphs of all sequences 
obtained for the prioritization of the 20 measures together.  
 

 
Figure 7: Variation graphs of the 1000 sequences obtained for the prioritization of the 20 

measures together. Y axis represents aggregated societal risk of the four dams. 
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As can be observed in Tables 2, Indices of Coincidence are lower for Dam B, which indicates 
that epistemic uncertainty has a higher influence on decision making, so uncertainty reduction 
actions are more recommended. In contrast, Indices of Coincidence for Dam A are close to 
100%, which indicated that epistemic uncertainty has low influence on decision making. Indices 
of Coincidence of Dams C and D indicate a medium influence of epistemic uncertainty on 
results. 
 
Finally, the potential effect of epistemic uncertainty reduction measures for the foundation 
resistance capacity, like geotechnical tests and detailed surveys, has been analyzed. With this 
purpose, the previous computations have been repeated but reducing by half the standard 
deviation of the epistemic uncertainty probabilistic. Thus, Indices of Coincidence have been 
recomputed for these cases as shown in Table 2. As can be observed the effect of reducing 
epistemic uncertainty in each dam has been independently analyzed in the individual sequences 
of each dam and in the sequences obtained combining the four dams. 
   
Results show that reducing epistemic uncertainty in Dam C and Dam D would have a higher 
influence in the decision making process for the whole system of dams. In contrast, the effect 
of reducing epistemic uncertainty in Dam A is lower. Epistemic uncertainty reduction in Dam 
B has a high effect in the sequences obtained for this dam individually but its effect in the 
management of the four dams together is more limited. Hence, epistemic reduction actions are 
recommended when this dam is individually managed, but from the combined management 
point of view, these actions would be more recommended in Dams C and D.  
 
If the results of reducing globally epistemic uncertainty for the four dams are analyzed, it can 
be concluded that these actions could be useful to support a better risk-informed decision 
making, since they provide an increment of Indices of Coincidence by 4%. 

 

Table 2: Indices of Coincidence: base case and after reducing epistemic uncertainty. 

 Base case Epistemic uncertainty 
reduction Difference 

Epistemic 
uncertainty 
reduction 

Index of 
Coincidence 

Adjusted 
Index of 

Coincidence 

Index of 
Coincidence 

Adjusted 
Index of 

Coincidence 

Index of 
Coincidence 

Adjusted 
Index of 

Coincidence 
Individual analysis 

Only in Dam A 99.35% 99.29% 99.94% 99.94% 0.60% 0.66% 
Only in Dam B 79.86% 69.55% 83.19% 74.55% 3.34% 5.00% 
Only in Dam C 87.42% 86.97% 89.38% 89.57% 1.96% 2.60% 
Only in Dam D 94.11% 90.77% 96.74% 94.55% 2.63% 3.78% 

Combined analysis 
Only in Dam A 86.95% 86.60% 87.76% 87.16% 0.80% 0.56% 
Only in Dam B 86.95% 86.60% 87.23% 87.02% 0.27% 0.42% 
Only in Dam C 86.95% 86.60% 88.35% 87.74% 1.40% 1.14% 
Only in Dam D 86.95% 86.60% 88.22% 88.11% 1.26% 1.51% 

All dams 86.95% 86.60% 91.28% 90.68% 4.33% 4.08% 
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6 Conclusions 
Dams are located in natural and heterogeneous environment that cannot be characterized 
exactly. For this reason, unlikely to other industries, dam safety governance deals with higher 
natural and epistemic uncertainties since it is directly related with the nature behavior. For this 
reason, epistemic uncertainty can have a higher effect on decision making. 
 
This paper introduces new metrics to analyze the influence of epistemic uncertainty in decision 
making for dam safety. This process is based on the results of a second-order probabilistic risk 
analysis, which requires separating natural and epistemic uncertainty within the risk model 
input data. Although this is not the most common approach in the dam safety field, the 
distinction between both types of uncertainty takes added importance for a proper dam safety 
management.  
 
These metrics are computed by combining results of a second-order probabilistic risk analysis 
and prioritization of investments based on risk reduction indicators. The main identified 
discussion points about this procedure and the case study are: 
 

• The case study introduced is focused on one source of uncertainty within the risk model: 
foundation resistant capacity. This approach of analyzing each source of epistemic 
uncertainty separately is more recommended since it provides a better understanding of 
what type of epistemic reduction actions are more effective. In any case, if epistemic 
uncertainty is included in all the nodes of the model, Indices of Coincidence can also be 
obtained although they will be lower, since the effect of different sources of epistemic 
uncertainty is combined.  

• Hence, the introduced case study is focused on epistemic uncertainties in the second 
term of the risk equation: the system response, but Indices of Coincidence can also be 
used to analyze the effect of epistemic uncertainty in the other terms: loads probability 
and consequences.  

• The effect on Indices of Coincidence on risk reduction measures that also help to reduce 
epistemic uncertainty could be analyzed. For example, improvements in the surveillance 
and monitoring system, since they help to detect the failure modes occurrence and 
increase the knowledge about the dam behavior.  

• Although Indices of Coincidence have been developed within the dam safety 
management field, they could be also applied to analyze the effect of epistemic 
uncertainty in other fields.   

 
In conclusion, the metrics proposed in this paper have significant advantages to inform dam 
safety governance, since they allow measuring the effect of epistemic uncertainty in decision 
making. Hence, they help to identify needs for reducing gaps in dam knowledge, giving value 
to measures that do not have a direct effect on average risk results. 
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ABSTRACT: This investigation should illustrate the possibilities of stochastic finite element analyses 
of the dam safety using the example of an old gravity dam in Germany. The basis of the analysis is a 

parameterized and fully nonlinear 3D model of the dam and the foundation. Among other loads, 
transient temperature variations, pore water pressure and vertical anchors are taken into account. A 

sensitivity analysis with stochastic latin hypercube sampling is performed with the program 
optiSLang® using a total 200 designs (parameter combinations) with varying material parameters of 
the dam and the foundation. With displacement and pore water pressure measurement data and the 

parameter identification from the sensitivity analysis a fully calibrated finite element model is set up 
and the key for further investigation regarding failure probability analysis according to Eurocode. For 
the stochastic analysis of the dam, distribution functions for all relevant input parameters, e.g. flood 

events, are defined. Overall, again 300 nonlinear 3D finite element simulation are performed, whereby 
many different assessment criteria are investigated to find a suitable one for the global failure. After 

all, the evaluation of the stochastic analysis is done again with optiSLang®, which is capable to 
directly yield the failure probability Pf for a specific assessment criteria. Additionally, input 
parameters influencing the failure probability the most can be indicated quantitatively and 

qualitatively. Finally, it can be concluded, that the assessment of dams by stochastic analysis, in 
coherence with a calibrated nonlinear 3D finite element model, is feasible.  

1 Introduction 
Within the framework of an in-depth review of an old gravity dam in Germany [1], detailed 
safety assessments are carried out according to the latest state of standardization. The basis of 
these investigations is a three-dimensional finite element calculation model, which takes the 
effects and resistances into account as realistically as possible. The static calculations are 
carried out using nonlinear material laws for the dam (masonry) and brittle rock subsoil, 
considering the seasonal instationary temperature fields and the load-dependent pore water 
pressures in the dam body. Various scenarios regarding the effectiveness of existing sealing and 
drainage elements as well as the nature of the rock subsoil are to be considered. 
The stability studies cover the following questions: 

• Calibration and verification of the calculation model against measurement results, 
• Stability assessment using the EC-compliant safety concept presented in [1] on the basis 

of partial safety factors, 
• Basic studies on the behavior of the dam, taking into account spatial effects, 
• Assessment of the reliability of the results and main impact factors, 
• Stochastic investigations to assess the probability of failure 

The calculations are carried out using the finite element program system ANSYS®, the 
elastoplastic material model library multiPlas [10] for ANSYS and the software for stochastic 
analysis ANSYS optiSLang® [9]. 
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2 Nonlinear finite element model 
For the continuum mechanical analysis, a 3D model of the dam and the foundation is created. 
The model size covers a width of 768 m, a length of 515 m and a height of 218 m. The FE 
model is shown in Figure 2. 
The subsoil is modeled according to the data in [2], [3] and [5]. Accordingly, three zones of 
different permeability in the vertical direction have to be considered (see Figure 2). From [2] 
or [5] it is also clear that the foundation has different layers in the model area under 
consideration. On the right slope (up to the clay ridge located in the middle of the valley), clay 
slate is found with gray shackle benches in the investigations documented in [2]. On the left 
slope (up to the valley center), greywacke, with clay slate interlinings are found. 
In order to simulate the nonlinear behavior of the masonry and the fissured rock subsoil, 
isotropic and anisotropic elastoplastic Mohr-Coulomb material models with tensile stress 
limitation are used. The position and orientation of the separating surface layers are also taken 
into account in the subsoil. In the masonry of the dam, a "virtual" horizontal separation surface 
is simulated to exclude vertical tensile stresses. Material parameters of the final calibration of 
the model can be found in Table 2. Figure 1 illustrates the constitutive models used for masonry 
dam, the intact rock and the joints. 

 
Figure 1: Constitutive models used for the masonry dam, the intact rock and the joints. 

The grout curtain extends to a depth of +177.00 m a.s.l. in the region of the clay ridge and in 
the remaining region on both sides of the clay ridge to a depth of +191.00 m a.s.l. 
A total of 104 anchors stabilize the dam in the middle area. Each anchor contains 34 strands. 
The cross-sectional area of each strand is 150 mm². The anchor force is 4500 kN/anchor. 52 
anchors reach into a depth of +167.0 m and 52 into +172.0 m. The force introduction area 
(composite length) of the anchors in the rock is 10 m each. 
Nonlinear static calculations are performed in all load case combinations. The mechanical 
boundary conditions are defined as roller bearings in the far field. Thus, the vertical 
deformations at the lower model edge and the deformations perpendicular to the lateral model 
edges are locked. The load history is taken into account in all load case combinations (LS) 
according to the composition in Table 1. The individual loads are multiplied by the 
corresponding partial safety factors [1]. 

592



For the determination of the temperature stresses of the dam (normal temperature event with or 
without impounded reservoir as well as extreme temperature event with impounded reservoir), 
non-stationary thermal finite element calculations are carried out. The data from [7] is used as 
a basis for the year of external temperatures in the Hessen region. The water temperatures are 
taken into account in the thermal calculations as a function of time and water depth according 
to temperature data available at BAW (Federal Waterways Engineering and Research Institute). 
The 3D pore water pressure fields are calculated using ANSYS by means of transient thermal 
analysis using a temperature-flow analogy. The hydraulic analysis is based on the model for 
seepage flows in the fractured rock according to Wittke [8]. The calculation is performed 
iteratively to determine the free surface area in the dam. 

 
Figure 2: 3D FE-model of the dam and the dam section. 

Table 1: Load steps of the nonlinear simulation. 

Loadstep Action 
LS1 Deadweight Foundation (Initial Stress State) 
LS2 Deadweight Dam 
LS3 Hydrostatic Water Pressure for defined Water Level 

LS4 Hydrostatic Water Pressure at the Level of anchor pre-stressing 
(241,605 m NN) 

LS5 Anchor activation 
LS6 Anchor Pre-Stressing 
LS7 Hydrostatic Water Pressure for defined Water Level 
LS8 f. Additional varying loads according to Eurocode [1] 

3 Model calibration and verification 
In order to increase the realistic proximity of the simulation model and thus to achieve a high 
quality of the stability tests, the simulation model is compared by parameter identification with 
available measured values of the dam. For this calibration, deformation measurements (plumb 
measurements and triangulation measurements) are available. The triangulation values are less 
accurate because of the temperature influences. They are therefore included in the model 
calibration only with a lower weight (50%). The position of the deformation points measured 
is shown in Figure 3. Furthermore, pore water pressure and temperature measurements could 
be used to verify the hydraulic and thermal analyses. 
In the first step of the parameter identification, a sensitivity analysis is carried out to determine 
the dependencies between the model parameters and the response variables to be calibrated, 
and the scattering range of the numerical model compared to the measured values. 
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Figure 3: Displacement measurement points 

The sensitivity analysis is carried out by means of variations-based correlation analysis in 
ANSYS optiSLang® [9]. The material parameters of the wall and the subsoil between minimum 
and maximum limits are varied as scattering input parameters of the sensitivity analysis. The 
radial relative displacements at the measurement points indicated in Figure 3 are used as 
response variables. Within the framework of the sensitivity analysis, 200 parameter 
combinations (designs) are calculated. The stochastic Latin Hypercube sampling available in 
ANSYS optiSLang® [9] is used for sampling the 200 designs. In each design, a nonlinear load 
history calculation is simulated with the following load steps for calibration (LSC): 
 

• LSC1 Activation of the dead weight in the foundation (Initial stress state) 
•  LSC2 Activation of the dead weight of the dam 
•  LSC3 Hydrostatic Water Pressure at 229,02 masl 
•  LSC4 Hydrostatic water pressure at minimum water level (220,00 masl) 
•  LSC5 Hydrostatic water pressure at maximum water level (244,95 masl) 

 
Since the measured values of the deformation measurements originate from the time before the 
rehabilitation and the installation of the pre-stressed anchors, the dam is simulated in sensitivity 
analysis and model calibration without anchors and restoration measures. 
The results of the sensitivity analysis are shown as an example for measuring point B6 (see 
Figure 3). The relevant input parameters (CoP values as a bar histogram) for the maximum 
water level (244.95 masl) and the minimum water level (220.00 masl) are calculated for each 
measuring point and the associated dependencies (anthill plots of the relevant input parameters 
vs. deformation). The CoP values are prognosis parameters and indicate how much the variance 
of the observed response variable (deformation at the measuring point) can be explained by the 
variation (or variation) of the respective input variable. Unimportant input parameters (whose 
scatterings are not correlated with the spread of the response variable) are automatically filtered 
out by ANSYS optiSLang® [9]. As the sensitivity analysis shows, the stiffnesses of the subsoil 
and of the masonry of the dam can be calibrated in particular by means of the deformation 
measurement values for the observed / measured water levels. The foundation stiffness of the 
left and right slopes can be combined (symmetry of the dependencies and deformation 
measurements, see, for example, MP4 / MP14, MP 109 / MP 115). It is also plausible that the 
stiffness of the masonry has a greater influence on the higher measuring points, whereas the 
deformation on the MP 116 is almost exclusively determined by the foundation stiffness. Figure 
5 shows the calculated and measured deformations. The black line indicates the measured 
values, gray lines indicate the spread of all designs and red is the best design Nr.186, which is 
determined by optimization and shows a very good agreement with the measured deformation 
values. As a result of the model calibration, a simulation model is developed which can easily 
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and reasonably reconstruct the available measurements with regard to the deformations, 
temperatures and pore water pressures. 

 
Figure 4: Results of the sensitivity analysis for measurement point B6; 

left: Histogram of CoP; right: Anthill-Plot of the E-modulus of the dam (MauInt_E) vs. radial 
displacement at measurement point B6 

 
Figure 5: Radial displacement of measurement point B6, Grey: Band width of all designs; 

Red: Best design Nr. 186; Black: Measurement. 

Table 2 summarizes the calibrated material and joint parameters for the dam and the foundation. 
Zones are depicted in Figure 2. 

Table 2: Calibrated Material Properties. 
 Dimension Masonry Intact Rock   

Density t/m³ 2.2 2.72   
E-Modul N/mm² 11100 4697   
Poisson ratio - 0.25 0.257   
Compressive strength N/mm² 5 20   
Friction angle ° 45 45   
Cohesion N/mm² 1.0355 4.14   
Tensile strength N/mm² 0.5 2   
Residual friction angle ° 31.5 31.5   
Residual cohesion N/mm² 0.1036 0.4142   
Residual tensile strength N/mm² 0 0   
Reference temperature °C 10 8   
Thermal expansion 
coefficient 

K-1 1E-5 1E-5   

      

   

595



  Horizontal 
Joint  

1. Joint 
Zone 1 

2. Joint 
Zone 2 

3. Joint 
Zone 3 

Alpha ° 90 70 160 115 
Beta ° 0 90 90 90 
Friction angle ° 45 30 30 30 
Dilation angle ° 20 10 10 10 
Cohesion N/mm² 0.5 0.1 0.1 0.1 
Tensile strength N/mm² 0 0 0 0 
Residual friction angle ° 21.8 21 21 21 
Residual cohesion N/mm² 0.25 0.05 0.05 0.05 
Residual tensile strength N/mm²  0 0 0 

4 Structural analysis 
On the basis of the Eurocode safety concept presented in [1], a safety assessment is carried out. 
A total of 8 load cases are calculated using the calibrated nonlinear 3D simulation model. Using 
the shear stress criteria according to Mohr-Coulomb with tensile stress limitation, the shear 
stress proof in all spatial directions and the tensile stresses in the (virtual) horizontal joints of 
the dam and all spatial directions are limited. The relative displacements (see Figure 6), the load 
displacement history, principal, horizontal and vertical stresses (see Figure 7), plastic strains / 
zones of gaping joints and plastic activities as well as the achievement of a converged 
equilibrium solution are used for the assessment. 
Opening of horizontal joints are identified by means of plasticity from the simulations. A crack 
opening and thus a gaping (water-bearing) joint can only occur when the fracture energy 
dissipates under tensile and shear stress and the cracking elongation of the fracture brickwork 
is reached or exceeded. When a crack width of wcrit ≥ 0.15 mm is assumed as the water-bearing 
crack width, a critical plastic strain value of 0.5 ‰ results for an average stone size of approx. 

30 cm. This means that a completely unhindered hydraulic permeability (cracking water 
pressure) is considered instead of the permeability applied in the initial model for cross-
sectional areas in the wall in which the plastic strains exceed 0.5 ‰. 
Solutions are found for all stressed load cases and the assessment criteria are adhered to the 
Eurocode safety concept [1]. This means that, under consideration of the assumptions and 
idealizations made, the stability of the dam for the required safety values is established. 

 
Figure 6: Load case 1 – SBS1: Displacement uSUM (m), all loads 
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Figure 7: Load case 1 – SBS1: Vertical stresses σz (Pa), all loads 

5 Stochastic analysis 
Based on the stability studies, a stochastic analysis is carried out using the calibrated FE model 
to evaluate the failure probability of the dam. 
The motivation for the stochastic analysis results from several questions. For example, a 
stochastic analysis can be used to circumvent contradictions arising from the use of partial 
safety factors in nonlinear analyzes. Another issue is the question of the safety level of an 
existing building. It is, of course, possible, in principle, to provide a proof of stability by means 
of a concept based on safety factors (see section 4). However, if an existing safety level is to be 
predicted on this basis until the building fails, the question arises as to whether it should be 
determined by a load-side increase or by a reduction of the resistance. Both approaches aren’t 

without doubt possible in connection with nonlinear analyzes. 
By means of a stochastic analysis, failure probabilities can also be determined in the case of 
nonlinear analyses when introducing load and resistance-side scatterings. This procedure is 
included in EN 1990:2002 (Annex B and C). In a recent cooperation between the BAW (Federal 
Waterways Engineering and Research Institute) and Dynardo, the example of this dam is 
worked out, including further fundamental investigations, to develop a procedure for practical 
projects. 
The stochastic analysis consists of the following steps: 
 

• Definition of the scattering of the input parameters: 
For this purpose, distribution functions are assumed in coordination for all relevant input 
parameters of the calculation model (material characteristics and loads) based on the 
mean value, the characteristic value and known probabilities of extreme events (such as 
BHQ10000). (see Table 3) 

• Generating the samples: 
300 samples are generated. In ANSYS optiSLang® [9], various methods (Monte Carlo, 
Latin Hypercube, Directional Sampling, FORM, ...) are available for this purpose. As a 
first analysis, Latin Hypercube sampling with 300 samples is used for the calculation of 
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the probability of failure. This can be understood as an extrapolation based on the 
distribution of the failure criteria. Figure 8 shows the distribution function of the failure 
condition under consideration in comparison to the probability of failure according to 
Eurocode. However, additional investigations with FORM or other methods are in 
discussion and part of the ongoing cooperation with BAW (Federal Waterways 
Engineering and Research Institute). 

• Definition of evaluation criteria: 
The evaluation parameters for the stability (tilt safety - position of the resultant, sliding 
safety - principal shear strain, pressure failure - principal normal strain and risk of 
fracture in the grouting zone - max. plastic vertical strain) are defined as the basis for 
the detection concept presented in [1]. 

• Performing nonlinear analyses: 
300 nonlinear analyses are performed using a compute cluster at Dynardo with up to 
256 CPUs within 4 days. Therefore, the most relevant load case combination from 
section 4 is used. 

• Evaluation and determination of the probability of failure 
The evaluation is carried out in representative sections of the dam. In 
ANSYS optiSLang® [9], various results and output options are available for the 
evaluation of a stochastic analysis. In Figure 8, the distribution and probability of failure 
calculated from the stochastic analysis are illustrated by the example of the eccentricity 
of the force-resultant at the base. Therefore, the eccentricity of e>d/3 is the defined 
fictional limit state. The calculated probability of failure Pf is 1.92E-06 (Figure 8), which 
is below the required value of Pf = 1.0E-05. The reliability index β is 4.62 and is greater 
than the required value of 4.27. 

 
In addition to the calculation of the probability of failure, the influencing parameters 
which are decisive for the distribution of the response variable can be output both 
qualitatively and quantitatively in ANSYS optiSLang® [9]. This allows statements to be 
made as to which stray input variables (loads, resistances) are relevant for the failure of 
the dam. 

Table 3: Examples of input scattering of parameters (17 out of 72 parameters).  
Masonry Dam 
Parameter 

Dimension Mean value Standard 
deviation 

COV [%] Distribution 
function 

Density t/m³ 2.2 0.176 8 Normal 
E-Modul N/mm² 11100 1950 17.6 Log-Normal 
Poisson ratio - 0.25 0.05 20 Log-Normal 
Friction angle ° 45 - - Constant 
Cohesion N/mm² 1.0355 0.69 40 Log-Normal 
Tensile Strength N/mm² =0.1*Cohesion* 

(2*cos(45°)/(1-sin(45°))) 
  Dependent 

      Intact rock 
Parameter 

Dimension Mean value Standard 
deviation 

COV [%] Distribution 
function 

Density t/m³ 2.72 - - Constant 
E-Modul N/mm² 4697 1250 26.6 Log-Normal 
Poisson ratio - 0.257 0.057 22.2 Log-Normal 
Friction angle ° 45 - - Constant 
Cohesion N/mm² 4.14 2.76 40 Log-Normal 
Tensile Strength N/mm² =0.1*Cohesion* 

(2*cos(45°)/(1-sin(45°))) 
- - Dependent 
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1. Joint – Zone 1 Dimension Mean value Standard 
deviation 

COV [%] Distribution 
function 

Alpha ° 110 2.5 2.3 Normal 
Beta ° 90   Constant 
Friction angle ° 30 6 20 Log-Normal 
Dilation ° 12.5 - - Constant 
Cohesion N/mm² 0.1667 0.067 40 Log-Normal 
 

 
Figure 8: Calculated distribution and failure probability of the assessment criteria (here: 

eccentricity of the resultant force at the dam-foundation contact) 

6 Conclusion and outlook 
Static finite element calculations (3D) are carried out using nonlinear material laws for the dam 
and the foundation, taking into account the seasonal instationary temperature fields and the 
load-dependent pore water pressures in the dam body. The FE calculation model used is 
calibrated on available measurement results. The proof of stability is successfully implemented 
using partial safety factors according to an EC-compliant safety concept developed by the 
customer. In addition to this, the probability of failure of the dam is determined by a stochastic 
analysis against various evaluation criteria. It is shown that the definition of the assessment 
criteria influences the magnitude of the failure probability. Further systematic investigations 
are to be carried out in a co-operation between the BAW (Federal Waterways Engineering and 
Research Institute) and Dynardo in order to elaborate basic statements on the definition of these 
assessment criteria for the stochastic analysis. 
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ABSTRACT:  
This paper presents a study carried out to identify how different variables affect the estimated safety of 
dams. To do so, a series of calculations has been carried out to understand how the factor of safety is 

affected for a wide range of variables and assumptions.  
 

The calculations have been carried out by combining a computing tool for stability calculations with a 
script that runs the calculations. This method has proved to produce a very powerful and flexible tool 
for computing stability with varying assumptions. In total, the report is based on approximately 7000 

separate calculations with different variables 
 

The study gives suggestions on how uncertainties related to loads and other assumptions can be 
represented in the overall factor of safety. The results can also be used to justify the current practice 

and safety level applied by the Norwegian dam safety regulations.  
 

The study presented in this paper is part of a lager Norwegian Research and Development project, 
named “Dam safety in an overall perspective” that is administrated by EnergiNorge. This is a joint 

project with participants from the Norwegian dam safety sector. One of the objects of this project is to 
look at alternative approaches to evaluate safety of existing concrete- and masonry dams.  

 
There is a need to verify the results and methodology used in this study. We are therefore grateful for 

all comments related to this article and the study in general.  

1 Introduction 
Requirements for stability of concrete dams in the current Norwegian dam safety regulations 
are based on simplifications, which in many cases are conservative. As a result, rehabilitation 
works may be carried out on dams that are safe, but does not meet the safety requirements.  
 
The factor of safety to estimate stability against sliding and overturning for dams includes many 
variables. How these variables affect the factor of safety are not necessarily known or 
accessible. It is therefore desirable understand in what way the different assumptions affect the 
calculated stability, in order to provide a better knowledge of the general safety level.  
 
How different parameters affect the dam stability is also essential when assessing the degree of 
uncertainty of the calculations. This will help to identify which parameters that are most 
important for stability and sensitivity of the overall dam safety. The calculations in this study 
is intended as a contribution to improve the knowledge for assessing the actual safety-level for 
existing dams in Norway. 
 
The calculations has been carried out on both concrete gravity dams and masonry dams. 
Separate calculations including ice pressure and stabilizing effect of rock bolts has also been 
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carried out on dam sections with a height of < 7 m. For simplicity, this paper only presents the 
results related to concrete gravity dams with a height > 8 m. 
 
There is a need to verify the results and methodology used. We are therefore grateful for all 
comments related to this article and the study in general. 

2 Requirements for dam safety in Norway 
In Norway, dam stability is checked for both overturning and sliding. When calculating the 
sliding capacity, the current Norwegian regulations state that a plane interface between rock 
and the dam is to be assumed. The slope of the foundation is determined by the height difference 
between the dam heel and the dam toe. A friction angle between 40o and 50° can be assumed 
(generally 45o) and cohesion is neglected. In addition, contributions from rock bolts are 
neglected for dams higher than 7 m, because of uncertainties in the actual capacity and the 
general condition of the bolts.  
 
Calculation of the sliding resistance require a safety factor of minimum 1.5 against normal 
design loads. For accident loads a minimum factor of safety of 1.1 is applied.  
 
The above-mentioned factors of safety against sliding apply when cohesion is not included. If 
cohesion is included, a higher factor of safety is defined. This requires that the cohesion is 
documented, which in reality is never done.   
 
Safety against sliding is estimated with the shear friction factor method, where the factor of 
safety is generally defined as the following: 
 

𝑆𝐹𝑠𝑙𝑖𝑑𝑖𝑛𝑔 =
∑ 𝐹ℎ𝑜𝑟𝑖𝑠𝑜𝑛𝑡𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

∑ 𝐻ℎ𝑜𝑟𝑖𝑠𝑜𝑛𝑡𝑎𝑙 𝑙𝑜𝑎𝑑
=

∑ 𝑉 tan(𝜙 + 𝛼)

∑ 𝐻
 

 
where ф is the fiction angle and 𝛼 is the inclination of the foundation.  
 
When calculating the stability against overturning, the dam is assumed infinitely rigid. The 
resultant force is required to be within the central dam foundation so that it can be assumed 
pressure throughout the dam foundation. 

3 Assumptions for calculations 

3.1 Methodology 
The calculations are based on a computing tool for stability control, developed by Dr. Techn. 
Olav Olsen. To make the calculations more efficient, a script has been developed with the 
software Python, which is a widely used programming language for scientific use. The script 
defines changes of different variables, and then automatically generates the calculations for 
stability with these assumptions.  
 
The method has provided a very powerful and flexible tool for estimating stability of all types 
of concrete dams with different variables. In total, the report is based on approximately 7000 
separate calculations with different variables.  
 
The result of the stability calculation of each parameter is presented graphically, where the 
resulting factor of safety is plotted against the varying parameters for each dam height. 
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Variation in the factor of safety are shown for both sliding and overturning. This paper only 
presents a sample of the results that has been produced.  
 
To simplify the output of safety against overturning, the factor of safety is calculated instead of 
the eccentricity of the resultant force (which is the stability criteria of the Norwegian dam safety 
regulations). Safety against overturning is therefore defined as: 

𝑆𝐹𝑜𝑣𝑒𝑟𝑡𝑢𝑟𝑛𝑖𝑛𝑔 =
∑ 𝑀𝑠𝑡𝑎𝑏.

∑ 𝑀𝑑𝑒𝑠𝑡𝑎𝑏.
 

3.2 Variables 
Assumptions of for the calculations are shown in the table below. “Initial values” are used to 

generate dam section as described in the next chapter, 

Table 1. Assumptions used for the computations 

Variable 
Initial 
value 

Minimum 
value 

Maximum 
value 

Step for 
variation Comment 

Friction 
angle 40° 35° 60° 1°  

Water level 
(Hw) h h – 1 m h 0.01 m h = Dam height 

Self-
weight: 22 kN/m3 21 kN/m3 24 kN/m3 0.1 kN/m3  

Drainage 
constant 
(k)* 

1.00 0.50 1.0 0.05 Changes in pore 
pressure are 
calculated by 
varying k and dx*.  

Drainage 
position 
(dx)* 

0 0.1Hw 0.5Hw 0.1Hw 

* Both the drainage constant (k) and the drainage position (dx) was changed, as illustrated 
in the figure below (i.e. resulting in 6 * 11 = 66 different pore pressures for  each different 
dam height) 

 

 
Figure 1. Illustration of assumptions to generate pore pressure. 
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3.3 Generation of dam section 
 
For each dam height, a cross section was generated that satisfied the following requirements: 

 Pressure throughout the entire foundation (i.e. linear decreasing pore pressure 
throughout the interface between dam and foundation) 

 Factor of Safety against sliding equal to 1.0. The Factor of safety was increased if a 
suitable cross section was not found. 

 
By varying crest width and downstream slope (see Figure 2) an optimal cross section was found 
using the “initial values” given in Table 1.   

 
Figure 2. Dam section is selected by varying crest width and downstream slope. 

 
It was not possible to generate a cross section that satisfied the assumptions mentioned  above. 
Therefore, the required limit for “factor of safety” was increased from 1.0 to 1.1 as shown in 
the table below. To compare the correlation between load and factor of safety for different dam 
heights, the factor of safety was normalized so that it equals to 1.0. 
 

Table 2. Geometric values and safety factor for dam sections generated (9 sections). 

Dam height 
[m] 

Crest width 
[m] 

Downstream slope 
[1:x] 

Factor of Safety 
Sliding Overturning 

8 0.81 0.77 1.1 1.5 
10 1.01 0.77 1.1 1.5 
12 1.21 0.77 1.1 1.5 
14 1.41 0.77 1.1 1.5 
16 1.61 0.77 1.1 1.5 
18 1.82 0.77 1.1 1.5 
20 2.02 0.77 1.1 1.5 
25 2.52 0.77 1.1 1.5 
30 3.03 0.77 1.1 1.5 

 
The above table shows that optimization of the cross sections provided a minimum factor of 
safety of 1.1 against sliding and 1.5 against overturning, with the assumptions used. 
Normalization of the results imply that the computed results for factor of safety against sliding 
is divided by 1.1, while the results against overturning is divided by 1.5. 
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It can also be noted that when the friction angle is increased from 40o to 50o, the safety factor 
against sliding will be about 1.5. i.e. the same as the factor of safety against overturning. 

4 Results   
In this chapter, the results of the calculations with different variables are presented and 
discussed. 

4.1 Friction angle (and angle of foundation) 
Variation in friction angle is also valid for inclination of the foundation. E.g. a foundation 
inclination of 5o to the downstream side will reduce the friction angle with 5o, while an 
inclination to the upstream side will increase the friction angle with 5o.  
 
The friction angel has no effect on the factor of safety against overturning. When it comes to 
sliding, the computations show that variations in the friction angle is directly related to the 
factor of safety against sliding. The dam height does not influence the results, i.e. the plot of 
factor of safety against friction angle, gives identical graphs for all the different dam heights.   
 
The relationship between friction angle and factor of safety against sliding is shown in the figure 
below. The graphs have approximately the same curvature, so that changes in the friction angle 
have approximately the same effect on the factor of safety regardless of the original value. In 
other words, when the design friction angle is 5o higher than the actual friction angle, this will 
result in a factor of safety of 1.20, regardless of the original friction angle. 
 
The Norwegian guideline for concrete dams, allow a friction angle between 40o and 50°, 
dependent on the rock quality. Cohesion is generally not included in the sliding resistance. The 
friction angle will normally be conservative where the friction angle also “include” possible 
cohesion and shear capacity due to rock surface roughness.  
 
The calculations carried out, show that a conservative friction angle will result in a high level 
of safety that is not necessarily reflected in the computed factor of safety for the dam. 
 

 
Figure 3. Correlation between factor of safety and friction angle. αk is the initial friction angle 

where the different dam cross-section all have a factor of safety = 1.0.  
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4.2 Water level 
How variations in the water level influence the factor of safety, will identify how sensitive the 
dam is to changes in flood water level. Changes in design water level can for instance be caused 
by changes in future flood calculations etc. How much this affects the safety in relation to 
different dam heights is calculated and presented graphically in the following figures. 

 
Figure 4. Sliding: Reduced water level vs. factor of safety for different dam heights.  

 
Figure 5. Overturning: Reduced water level vs. factor of safety for different dam heights.  

As shown in the above graphs, higher dams are, of course, less sensitive to changes in water 
levels than lower dams. This is summarized in the following table. 

Change in 
water level 

Sliding 
Factor of safety 

Overturning 
Factor of safety 

Dam height   
8 m 

Dam height    
30 m 

Dam height   
8 m 

Dam height 
30 m 

0,2 m 1,07 1,02 1,05 1,01 
1,0 m 1,41 1,09 1,26 1,06 

Figure 6. Effects of changes in water level on the factor of safety for different dam heights. 
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The table shows that changes in water levels have more influence on the safety against sliding 
than against overturning. 
 
Dam height (i.e. static water pressure) is crucial for how uncertainties in flood calculation and 
flooding affect stability. When the dam height increases, changes in flood water have little 
significance for the dam stability.  
 
As uncertainties in floods and operating levels will have different impact on the factor of safety 
dependent on the dam height, it is reasonable that these uncertainties are handled in the flood 
calculations and are not included in the factor of safety. For instance, a dam dependent on flood 
gates will have other uncertainties related to flood handling and flood levels than a dam with a 
free overflow spillway.  

4.3 Self-weight 
The self-weight is essential for the stability of a concrete gravity dam. The calculations carried 
out show that variations in the self-weight is directly related to the factor of safety. The dam 
height does not influence the results, i.e. the plot of factor of safety against self weight, gives 
identical graphs for all the different dam heights.   
 
If the self-weight is reduced from 24 to 23 kN/m3, and represents a load factor of 0.96. This 
corresponds to a coefficient of variation of 0.04 as recommended by JCSS, "Probabilistic Model 
Code," Joint Committee on Stuctural Safety, 2015, Table 2.1.1. It can also be mentioned that 
the Eurocode operates with a load factor of 0.9 for self-weight with a stabilizing effect, to take 
account of uncertainties in geometry and self-weight. The correlation between the factor of 
safety and load factor is shown in the table below. 
 

Table 3. Correlation between load factor and factor of safety. 

 Load factor Factor of safety 
Sliding 0,96 1,08  
Overturning 0,96 1,05 

 
A graphic presentation of the correlation between self-weight and factor of safety is shown 
below.  

 
Figure 7. Load factor vs. factor of safety (Friction angle = 40o) 
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The dam geometry also represents an uncertainty. Probabilistic analysis carried out on Dam 
Reinoksvatn, indicate however that deviations in the geometry do not have a significant effect 
on the factor of safety. This analysis is presented in the workshop as an article under the “open 
theme”. 

4.4 Pore pressure 
The pore pressure represents an uncertainty that can be difficult to predict and therefor difficult 
to quantify in terms of a specific factor of safety. This would imply that the pore pressure should 
be subjected to a relatively high factor of safety to take account of the uncertainty it represents.   
 
In Norway, requirements for stability against overturning assume that the resultant force is 
within the central dam foundation. Thereby, a linear decreasing pore pressure can be assumed 
as there is pressure throughout the entire dam foundation. In addition, a check of accident load 
is required, where the resultant force should be upstream 1/6 of the dam foundation. In this 
case, full pore pressure can be assumed on the upstream half of the foundation (where there is 
no pressure on the foundation) and then linearly decreasing to the downstream side. The 
assumptions for design loads and accident loads are shown in the following figure. 

 
Figure 8. Maximum allowable pore pressure assumed for accident loads. Pore pressure 

distribution for normal design loads is shown as a dotted line. 

The criteria for pore pressure distribution provides a logical correlation between the load effects 
from the dam and the resulting pore pressure for normal design loads. When there is pressure 
in the entire foundation, the bond between the concrete and the foundation can be assumed to 
be intact. Thereby, a linearly decreasing pore pressure under the dam will probably be a 
conservative assumption and generally contribute to a high safety level. 
 
The additional check for accident loads provides an extra safety in case the pore pressure should 
be greater than assumed for normal design loads.  
 
If the maximum permissible pore pressure for accident loads represents the uncertainty in the 
pore pressure distribution, the difference of pore pressure between design load situation and 
accident load situation may be defined as the corresponding load factor. This difference 
represents an increase in pore pressures of 43%, i.e. a load factor of 1.43. The correlation 
between the factor of safety for design loads and accident loads can thus be expressed as shown 
in the following table and figure. 
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Figure 9. Computed correlation between load factor and factor of safety with changing pore 

pressure. Origin represent å linear pore pressure from upstream to downstream side. 

The load factor is defined as the difference in allowable pore pressure between accident loads 
and normal design loads. From the graph, the correlation between pore pressure and factor of 
safety is summarized in the following table. The dam height does not influence the correlation 
between factor of safety and pore pressure. 

Table 4. Pore pressure: Correlation between load factor and factor of safety. 

 Load factor Factor of safety 
Comment Accident Loads Design loads 

Sliding 1.43 1.0 1.41 =1/0,71 see Figure 9 
Overturning 1.43 1.0 1.20 =1/0,83 see Figure 9 

 

5 Summary and conclusion 
The following table summarizes the suggested factor of safety for each variable as discussed in 
this paper. 
 
Multiplying the different factors is assumed to represent the overall factor of safety.  
 

Variable 

Factor of safety 

Comments Sliding Overturning 
Design 
loads 

Accident 
loads 

Design 
loads 

Accident 
loads 

Friction 1,0 1,0 Not relevant 

Safety is accounted for by 
conservative values for friction 
angle. 
 

Water 
level 1,0 1,0 1,0 1,0 

Uncertainties in design water level 
should be reflected in the flood 
calculation. 
 

Self-
weight 1,08 1,08 1,05 1,05 

Suggested factor of safety 
corresponds to a load factor of 0.96.  
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Variable 

Factor of safety 

Comments Sliding Overturning 
Design 
loads 

Accident 
loads 

Design 
loads 

Accident 
loads 

Pore 
pressure 1,40 1,00 1,20 1,00 

The factor of safety corresponds to 
the difference in safety between the 
maximum acceptable pore pressure 
for design loads and accident loads. 

SUM 1,51 1,08 1,26 1,05 
= suggested total factor of safety  
(= factors for all variables 
multiplied together) 

Current 
require
ments 

1,5 1,1 N.A.* N.A.* * Safety against overturning is 
defined by position of the resultant 

 
Elements constituting the total factor of safety given in the Norwegian dam safety regulations 
is not publicly available. The factors of safety suggested in the above table can, however, be 
used to justify the current requirements, but this has not been confirmed by the Norwegian dam 
safety authority.  
 
How different parameters affect the dam stability is essential when assessing the degree of 
uncertainty of the calculations. This will make it easier to identify which parameters that are 
most important for the stability and that influences the sensitivity of the overall dam safety. 
This is of particular interest in cases where existing dams do not meet the safety requirements. 
By improving the knowledge related to the individual variables, the uncertainties can be 
reduced and thereby reducing the overall required factor of safety for the dam in question. 
 
It must be underlined that results in this report is valid with the given methodology and 
assumptions described in chapter 3.1 and 3, and a validation of the results is recommended.  
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ABSTRACT: Seismic safety of 65m-high Licodia Eubea gravity dam located in Southeastern Sicily 
(Italy) has been assessed by means of advanced dynamic analyses of the tallest cross-section of the dam. 
The analyses were performed with two-dimensional, plane strain, finite difference FLAC code, taking 
into consideration simultaneously the dam-water-sediments-foundation interaction. The analyses have 
been carried out for an earthquake scenario corresponding to the Collapse Limit State (CLS), using a set 
of seven natural accelerograms for the simulations (both vertical and horizontal components). The 
physical and mechanical parameters of the concrete and foundation rock were obtained from in situ and 
laboratory tests campaigns.  
A validation of the dynamic model in terms of fundamental mode vibration periods of the dam was 
carried out first. Then, linear analyses allowed to understand whether nonlinear analyses were necessary. 
From nonlinear analyses results, Licodia Eubea dam has been found to have an acceptable margin of 
safety for CLS. The implementation of nonlinearity at the dam-foundation interface reduced the tensile 
stress within the structure. The dam might experience limited sliding along its base, but its structural 
integrity would be preserved.  

1 Introduction 
Starting from the early 1980s, problems related to the seismic assessment of existing concrete 
dams have received considerable attention [1,2]. The literature has highlighted the importance 
of considering dam-water interaction, with water compressibility and reservoir bottom 
absorption, and dam-foundation interaction taking into account rock deformability. The use of 
advanced analyses as compared to standard methods based on simplifying assumptions 
(massless foundation rock and incompressibility of water) has demonstrated that these latter 
can lead to unreliable results, either on the conservative or unconservative side [3]. 
The FLAC code [4] is primarily used for static and dynamic analysis of soil and rock media. It 
employs a 2-D finite difference plane strain formulation and solves the dynamic stress-strain 
problem with explicit time-stepping procedure. The use of FLAC for the seismic analysis of 
concrete gravity dams has been rather limited [5,6]. Further, in these studies water is usually 
modelled as nodal masses by Westergaard approach and rarely [7] as a continuum. 
This paper discusses the seismic safety assessment of an existing concrete gravity dam located 
in Southern Italy using FLAC and illustrates the features of the numerical model developed that 
take into account simultaneously the interaction the dam-reservoir-sediment-foundation rock 
interaction. Particular attention is devoted to the validation of the dynamic model. 

2 Licodia Eubea dam, regional seismicity and seismic action 
Licodia Eubea dam is a straight gravity dam (Figure 1a) located on the Dirillo River in the 
province of Catania (South-Eastern Sicily), owned and operated by the Raffineria di Gela 
(ENI). The construction of the dam started in 1960 and was completed in 1961. The dam 
impounds a reservoir with a capacity of 20.4∙106 m3. The dam has a maximum height of 65 m 
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and a crest length of 327 m. It consists of 19 monoliths that are separated through joints along 
vertical planes, each monolith being about 15 m length. Figure 1b shows the cross-section of 
the tallest monolith of the dam. The maximum operating level is 328 m a.s.l. The dam is founded 
on calcareous rocks intercalated with marly-clayey layers. Geological surveys revealed the 
presence of bedding planes, slightly dipping upstream (inclination of about 8°) and along with 
sliding could occur. Prior to construction of the dam, a grout curtain was installed mainly to 
control seepage. 
Two structural and geotechnical campaigns were carried out in 2001 and 2015 which allowed 
to thoroughly characterize concrete and foundation rock materials by means of in situ 
investigation and laboratory testing. Selected cores of concrete and rock were tested to 
determine physical and mechanical properties of interest (e.g., unconfined static compressive 
strength, modulus of elasticity, compressive wave velocity). Geophysical tests were also 
conducted both within the dam body (down-hole from the crest to the contact dam-foundation 
and a sonic tomography between upstream and downstream faces) and at the bedrock (down-
holes, MASW, seismic refractions surveys) to obtain shear and compressional wave velocities.  
 

a)   b) 
Figure 1: Picture of Licodia Eubea gravity dam (a) and maximum cross-section (b).  

 
Southeastern Sicily is one of the most seismically active areas of Italy. The entire region was 
struck by high intensity (MCS I0=X-XI) historical earthquakes (e.g., 1169, 1542 and 1693 
A.D.). Occasionally the area has experienced infrequent and moderate earthquake (e.g. 1991 
EQ). A seismotectonic framework was defined by consulting the Database of Seismogenic 
Sources [8], supplemented by recent seismotectonic studies. Two tectonic features were 
concluded to be the most critical for the seismic hazard at the site, both located near the dam 
site. The maximum magnitude of these two faults was estimated to be 6.4 and 6.8, and the 
distance 13 and 5 km respectively. Seismic action was developed as 5% damping deterministic 
response spectrum by averaging the predictions of five well-accepted GMPEs (Ground Motion 
Prediction Equations) for rock outcropping condition and flat topography. The 84th percentile 
(mean+σ) spectrum estimate was compared with the spectrum derived from National code 
(NTC08) under the same conditions, for a return period of 1460 years (Collapse Limit State, 
CLS). The NTC08 spectrum was assumed as target spectrum as it was higher than response 
spectrum from GMPEs. The target PGAs on rock outcropping were 0.433g and 0.385g for the 
horizontal and vertical components, respectively. Seven records were then selected from web 
databases, characterized by magnitude and distance similar to those of the earthquake scenarios. 
The accelerograms were scaled such that their average horizontal spectrum reasonably matched 
the corresponding target response spectrum.  
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3 Numerical model and assumptions 
The 2-D numerical model of the highest monolith of the dam with the foundation rock, the 
impounding water and the bottom sediments is shown in Figure 2. The model consists of about 
24.000 quadrilateral zones. The reservoir length is assumed about three times the reservoir 
depth (i.e. 150 m from the crest dam) in the upstream direction; in the downstream direction 
the model was extended 50 m from the toe of the dam. For the full reservoir conditions, the 
maximum operating level of 328 m a.s.l. is considered for the simulations. The depth of the 
foundation rock is taken as 93 m, slightly higher than the dam height. The maximum thickness 
of the sediments at the reservoir bottom is assumed 8 m, according to available measurements. 
The quadrilateral zones are sized to transmit all frequencies of significance to the dam response, 
up to 20 Hz. A coarser mesh has been used for rock foundation and the dam (minimum size of 
zones equal to 3 m) whereas a very finely discretized grid has been employed for the sediment 
material of much lower stiffness (minimum size of zones 0.8 m), so as to ensure realistic 
representation of the propagating wavelengths. For water zones, the minimum size was assumed 
to about 3.0 m. 

b) 

Figure 2: Finite difference model of the dam-water-sediments-foundation rock system for 
Licodia Eubea concrete gravity dam. 

The numerical procedure consists of two steps: 1) initial static analysis of the dam-foundation 
rock system; 2) dynamic analysis of the dam-water-sediments-foundation rock system 
performed by linear and nonlinear analyses; this step was preceded by a validation of the 
dynamic response under elastic conditions. 
The static analysis (step 1) aimed at computing the response of the dam-foundation rock system 
to the self-weight of the dam and to hydrostatic forces. Unit weight of concrete, rock mass and 
sediment material are assumed equal to 23.4, 23.0 and 15.7 kN/m3, respectively. Static linear 
elastic properties have been selected, within the range of values obtained from test results, such 
as the computed displacements matched measured ones during variations of the water levels; 
the measured displacements were appropriately adjusted for the displacements induced by 
thermal variations. Specifically Est=21 GPa and 23 GPa have been assumed in the upper and 
lower parts of the dam body, respectively and Poisson’s ratio =0.3. The elastic properties of 
the rock base have been differentiated between the consolidated/deeper (Est=3500 MPa) and 
surficial rock mass (Est=1600 MPa) while the same Poisson’s ratio is assumed (=0.15). For 
the foundation rock mass an ubiquitous-joint elasto-plastic model was employed in the 
nonlinear analyses to take into account the presence of weak planes (bedding joints). The 
strength parameters of the rock mass are assumed 8 kPa and 42° for cohesion c’ and friction 

angle ’, respectively, along a generic plane; according to direct shear tests on the clay bedding 
layers, it was assumed c’=0.08 MPa and ’=27.7° along the bedding planes. The average 
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compressive strength of the concrete has been determined as fc=16.5 MPa; the tensile strength 
has been estimated based on empirical correlations resulting ft =1.25 MPa. Interface elements 
were introduced along the dam base and the Mohr-Coulomb failure criterion was used to specify 
the shear strength at the contact interface. Specifically, the concrete-rock interface was assigned 
a friction angle of 42° and 0.8 MPa cohesion. 
For the dynamic analyses, the boundary conditions are as follows: (i) at the bottom boundary, 
viscous dashpots are placed in order to take into account radiation damping [11]; (ii) "free-
field" conditions are ensured at the two lateral boundaries through appropriate kinematic 
constraints, thus reproducing the “shear beam” type of motion produced by in–plane vertically 
incident SV waves. The input motion is applied at the bottom boundary in terms of shear and 
normal stresses time-histories, in order to simulate a transmitting base.  
The model for dynamic simulations was set up according to available geological, geophysical 
and geotechnical data. The dam body was divided into two zones (Figure 1b), an upper one 
extending approximately from the crest to mid height of the dam and a lower one going down 
to the bottom of the dam, this latter part being slightly stiffer than the former. Analogously, for 
the foundation rock two zones (Figure 2) have been considered, i.e. a deeper rock mass stiffer 
than the surficial one, affected by weathering and jointing condition; however, the surficial rock 
mass immediately below the foundation was assumed as stiff as the deep rock due to grouting 
works carried out during construction. The bottom sediments, that essentially consist of silty-
clayey soils, have been assigned physical and mechanical values from literature studies. 
For linear analyses, a visco-elastic medium was assumed for both the body of the dam and the 
foundation rock. A perfect adhesion at concrete-rock interface was considered. Interface 
elements simulated the dam-water and the foundation-water contacts; these elements are 
characterized by null shear resistance and normal tensile strength equal to cavitation threshold. 
The water was treated as a compressible fluid (Kw=2∙109 Pa), with a negligible shear modulus 
(G=10 Pa) to avoid numerical instabilities, that produces hydrodynamic pressures that are 
dependent on the excitation frequency. Dynamic elastic modulus (Edyn) and Poisson’s ratio () 
were estimated using compressional and shear wave velocities from geophysical surveys. 
Damping ratio (D) assumed for concrete is 8%, which is in the range suggested for dynamic 
analyses of dams for high seismic loadings. For rock damping ratio was assumed equal to 1.0% 
and 0.5% for surficial and deep/consolidated rock, respectively. Damping ratio was taken 
according to the one-control frequency Rayleigh formulation, calculated as the mean value 
between the fundamental frequency of the dynamic system and the predominant frequency of 
the input motion. The main dynamic properties are listed in Table 1.  

Table 1: Mean material properties assumed for dynamic analyses. 

Material  (kN/m3) Vs (m/s) Vp (m/s) Edyn (GPa)  D (%) 
Dam – upper zone 23.4 2020 3800 25.6 0.3 8 
Dam – lower zone 23.4 2140 4000 28.4 0.3 8 
Foundation – sup. 23 600 1500 2.4 0.4 1 
Foundation - deep 23 900 2200 5.3 0.4 0.5 

Sediments 15.7 150 1440 0.1 0.495 2.5 
 
In step 2, the verification of the dynamic model in the linear range was carried out first. The 
step 2 procedure then envisaged linear and nonlinear analyses and the safety evaluation of 
Licodia Eubea dam has been performed according to [9] guidelines.   
In dynamic nonlinear analyses, the nonlinearity was restricted to sliding along the dam-
foundation contact and in the foundation rock. Mohr-Coulomb failure envelopes were used for 
the rock mass, both for the generic planes and for the weak orientation, as well at the concrete-
foundation rock interface, described by the strength parameters mentioned for the static model.  
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4 Validation of the dynamic model 
The capability of FLAC to reproduce hydrodynamic forces on the dam was first investigated 
under assumptions similar to Westergaard procedure. To this aim, an increasing acceleration 
up to a constant value (Figure 3a) was applied as rigid input motion to the dam-rock mass 
system; no bottom sediments have been assumed. The maximum hydrodynamic pressure on 
upstream dam face calculated by FLAC is compared with that corresponding from Westergaard 
method, along with the hydrostatic pressure, in Figure 3b.   
Prior to conducting the seismic analyses, the fundamental vibration periods of the dam 
calculated by FLAC were also verified to be consistent with those estimated by using the 
simplified procedure developed by [10]. To this aim, the model has been excited by a high-
frequency Ricker pulse having central frequency fE=6 Hz (TE=0.166 s) and acceleration 
amplitude of 0.5g. Acceleration time-history is shown in Figure 3 along with the corresponding 
Fourier spectrum. The predominant frequency of the wavelet was chosen so as to maximize the 
response of the system. Due to its narrow–band nature the Ricker pulse is considered as 
particularly appropriate for bringing the frequency response trends to light. All the results refer 
to elastic analyses with a damping ratio of 0.5, 1 and 2.5% for the deep/consolidated rock mass, 
the dam and superficial rock mass, and bottom sediments, respectively.  

 

         
Figure 3: Comparison of hydrodynamic pressures calculated from FLAC and Westergaard 

method: input motion acceleration time-history (a); water pressures profiles on the upstream 
face of the dam (b); acceleration time-history (c) and Fourier spectrum (d) of the excitation 

Ricker wavelet with central frequency fE = 6 Hz. 

 

 
Figure 4: Mesh of the numerical model with location of control points  
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The response of the system is presented in terms of time histories of acceleration in 
representative points of the system as illustrated in Figure 4. Selected points are: O (base of the 
model), D (outcropping of the rock formation at a certain distance from the dam), E (sediments-
rock interface), C (crest of the dam), A and B (dam-foundation rock interface). Fourier spectral 
ratio, that is the ratio of the amplitudes of the acceleration Fourier spectrum at the crest of the 
dam with respect to the outcrop rock motion or other control point, are also presented. 
In the following are examined separately the cases of dam on rigid/deformable foundation rock 
with empty/full reservoir and bottom sediments. The rigid rock condition has been simulated 
through an increase of the rock stiffness by a factor of 10 with respect to the real stiffness. 

4.1 Dam on rigid foundation rock and empty reservoir 
 
In case of rigid foundation, there is no interaction between the dam and the rock mass. This fact 
is evident by comparing the results of acceleration time histories at points A, B, D and E (Figure 
5a) which are very similar irrespective of their position, at the ground surface (points D and E) 
or at the base of the dam (points A and B). On the contrary, the motion at the crest of the dam 
is significantly amplified as the ratio between the maximum crest acceleration and the 
maximum outcrop acceleration is around 4.5.  The motion at the crest of the dam also shows 
sustained slightly-damped free oscillations after the first peak, which confirms the tendency of 
the vibration energy to remain within the dam. The crest-to-outcrop Fourier spectral ratio 
(Figure 5b) shows a peak at f0=6.3 Hz (T0=0.16 s) in correspondence of the first vibration mode; 
the spectral ratio at the fundamental frequency is rC/outcrop ≈ 14. Control points on the upstream 
face of the dam show lower spectral amplification but same fundamental frequency. In Figure 
5a (bottom plot) the comparison between the time histories at the nodes D and E and the 
outcropping motion, which is twice the motion incident at the base of the model. The calculated 
motion at D and E reproduces very satisfactorily the outcropping motion. This is more evident 
for point E, that is farther away from the dam base than point D, and therefore free-field 
conditions are better simulated.  

 
Figure 5: Rigid foundation and empty reservoir: acceleration time-histories at selected points 

(a) and Fourier spectrum ratios (b) 

4.2 Dam on rigid foundation rock, full reservoir and bottom sediments 
 
The presence of the reservoir leads to a faster decay of the amplitude of free oscillations due 
the increasing damping because of the dam-water-sediments interaction (Figure 6a). This 
interaction leads to a lengthening of the fundamental period of the system (T0=0.20 s f0=5.0 
Hz,) as illustrated in Figure 6b. This behavior is consistent with the increase of the water mass 
participating to the vibration of the dam.  
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Figure 6: Rigid foundation and full reservoir: acceleration time-histories (a) and Fourier 

spectral ratios (b) at control points. 

4.3 Dam on elastic foundation rock and empty reservoir 
 
The presence of a flexible substratum drastically modify the seismic motion at the dam-
foundation level, i.e. points A and B (Figure 7a). Overall the motion is rapidly attenuated, as 
compared with the motion calculated for rigid rock foundation and full or empty reservoir. The 
most evident effect is the low amplification of the maximum acceleration at the crest of the 
dam. As expected, the introduction of rock deformability led to an increase of T0=0.29 s (f0=3.4 
Hz). The crest-to-outcrop spectral ratio has a peak of about rC/outcrop ≈ 4.5. 

  
Figure 7: Elastic foundation and empty reservoir: acceleration time-histories (a) and Fourier 

spectrum ratios (b) at control points. 

4.4 Dam on elastic foundation rock, full reservoir and bottom sediments 
 
Taking into account both the deformability of the rock foundation and the water compressibility 
determines a significant and rapid reduction of free oscillations and a farther lengthening of the 
period of the system (T0=0.33 s, f0=3.0 Hz). Unlike the previous cases, it can be noted a clear 
peak on the crest-to-control point E ratio which can be related to the fundamental frequency of 
the bottom sediments layer. 
In Table 2 the fundamental periods calculated from FLAC are compared with those estimated 
by [10], considering separately the conditions of flexible and rigid bedrock, full and empty 
reservoir along with the effect of bottom sediments. A satisfactory agreement can be recognized 
in all cases.  
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Figure 8: Flexible rock foundation and full reservoir: acceleration time-histories (a) and 

Fourier spectrum ratios (b) at control points 

Table 2: Calculated (from FLAC) and estimated (from [10]) fundamental mode properties. 

foundation reservoir (s) FLAC f0 (Hz) FLAC (s) [10] f0 (Hz) [10] 
rigid empty 0.16 6.3 0.15 6.62 
rigid full 0.20 5.0 0.18 5.50 
elastic empty 0.29 3.4 0.25 3.98 
elastic full 0.33 3.0 0.30 3.29 

5 Linear and nonlinear analyses 
The methodology for seismic performance assessment and qualitative damage estimation was 
employed using results of linear and nonlinear analyses, according to the USACE (2007) 
guidelines. Linear analyses were conducted first and performance indices were calculated, such 
as the stress-demand capacity ratio DCR (i.e. the ratio of the calculated maximum principal 
stress to tensile strength of the concrete), the cumulative inelastic duration CD (defined as the 
total duration of stress excursions that exceeds a certain level of demand-capacity ratio) and the 
spatial extent of overstressed regions. These performance indices were used to establish a range 
of validity for linear analyses and to discriminate if nonlinear analyses were to be conducted. 

5.1 Linear analyses 
Figure 9 show the contour lines of the maximum temporal value (upper envelope) of the 
principal tensile stress for two acceleration time histories for which most critical results are 
obtained. These plots indicate that higher tensile stresses generally develop at the heel and at 
the toe of the dam as well as near the changes of slopes of upstream and downstream faces. The 
largest values usually occur at the heel of the dam, where the allowable tensile strength is 
exceeded in localized areas. Compressive stresses in the concrete remained well below 
allowable values. Figure 10a shows the dam section overstressed areas as a function of DCR. 
The percentage of overstressed area falls well below the acceptance limit for the whole set of 
accelerograms. Figure 10b compare cumulative duration of stress cycles with the acceptance 
curve for zone A located at the heel of the dam (see Figure 9). It is evident that the cumulative 
duration curves are higher than 0.3 at DCR=1 for all time-histories while for DCR>1.2 most 
curves are generally within the zone of acceptable performance. It therefore results that the 
tensile strength is exceeded but only in very localized areas and the global consequences of the 
resulting damage are expected to be minor. Anyway, it was decided to conduct nonlinear 
analyses. 
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Figure 9: Contours of principal tensile stress envelopes in the dam body for the two most 
severe input motions 

 
Figure 10: Performance curves for concrete gravity dams and results of linear analyses. 

5.2 Nonlinear analyses 
The contours of principal tensile stress envelope obtained from the most severe nonlinear 
analysis are plotted in Figure11a. It is evident that the values of principal tensile stresses 
decrease as compared to those from linear analyses. Further, no value exceeds the tensile 
strength of the concrete as the maximum tensile stress is 0.5 MPa, about one third of the 
maximum value calculated from linear analyses. The nonlinear analysis demonstrate therefore 
that no cracking will be forming in the body of the dam during strong ground shaking. 
Maximum shear strain contours are plotted in Figure 11b; this figure clearly indicates that 
sliding occurs towards downstream along a sliding band parallel at the contact dam-foundation, 
with maximum shear strains values of about 1.5%. The extension of the sliding band few meters 
inside the rock mass is consistent with a failure not concentrated on the foundation plane but 
developed on the weakest planes along the bedding orientation. 

 

 

Figure 11: Nonlinear analyses results for the most severe input motion: contours of (a) 
principal tensile stress envelopes and (b) maximum shear strains. 
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6 Conclusions 
The seismic performance of 65-m high Licodia Eubea concrete gravity dam under Collapse 
Limit State (CLS) earthquake scenario was investigated by advanced numerical analyses taking 
into account simultaneously the dam-water-sediments-foundation rock interaction. Overall 
seven spectrum-compatible acceleration time-histories were selected to represent the CLS 
scenario earthquake. The finite-difference code FLAC resulted to be effective in modelling the 
frequency-dependent response of the entire system, as evident from the comparison between 
the fundamental mode periods calculated under different hypothesis and those estimated by 
simplified relationships. It’s worth noting that few examples do exist in the literature of seismic 

analyses of concrete dams in which also the reservoir domain is modelled as a continuum and 
thus also the frequency response of the water thrust on the dam is taken into account. 
Numerical modeling comprised linear and nonlinear analyses. The results of linear analyses 
were used to assess the severity and extent of overstressed regions and to compute the 
cumulative duration of stress excursions over the strength. Dynamic tensile stresses locally 
exceeded the allowable tensile strength, mostly close the heel of the dam. The nonlinear 
analyses were conducted considering nonlinearity at the contact dam-foundation and in the rock 
mass. This introduced sliding especially along bedding planes in the rock mass that significantly 
reduced the tensile principal stresses within the dam body. It is concluded that an acceptable 
margin of safety for the CLS scenario can be considered. 
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ABSTRACT: This paper presents Hydro-Québec's progressive approach for assessing and verifying 
the seismic assessment of embankment dams and their foundation. This approach is based on 5 
analysis levels (Levels 0, I, II, III, IV). It includes linear-equivalent analysis and non-linear analysis in 
total stresses or effective stresses. The seismic safety assessment methodology is described by 
detailing the general principle that a seismic assessment should progress to a higher level of analysis if 
the previous level’s result indicates an inadequate seismic safety margin. The verification of the 
potential shear strength loss by liquefaction or cyclic softening in the methodology and the analysis 
progression according to the results of this verification is explained. A summary table listing the 
number and types of seismic analyses carried out following this progressive approach is also 
presented. 

1 Introduction 
For several years, Hydro-Québec has worked to develop and improve their embankment dams 
seismic safety assessment in accordance with state-of-the-art practices. In 2001, Hydro-
Québec adopted an in-house seismic parameters selection guide based on seismological work 
supplied by the Canadian Geological Survey. It details the seismic hazard approach and 
provides peak bedrock acceleration (PRA), pseudospectral acceleration (PSA) and the 
horizontal seismic coefficient (kh). In 2003, Hydro-Québec introduced guidelines for dam 
seismic safety assessment which detailed the progressive approach methodology for non-
liquefiable soils. Since then, many efforts have been continuously deployed, including 
research projects and site specific studies, to improve the embankment dams seismic 
assessment progressive approach. This paper presents an up-to-date seismic analysis 
progressive approach and summarizes the principal case studies conducted while following 
this approach. 

2 Methodology for Assessing Seismic Safety 
The overall methodology for assessing the seismic safety of hydraulic structures like 
embankment dams requires consideration of the following three steps: 

1. Selecting the maximum design earthquake (MDE) and characteristics of the associated site 
seismic hazards 

2. Calculating the structural response of the system when subjected to the selected seismic 
excitation 

3. Interpreting results to quantify the safety margin 

Each of these steps can be carried out with a variable degree of sophistication. Step 1 is 
documented in the previously mentioned seismic parameter selection guide. For steps 2 and 3, 
the progressive approach is followed. 
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3 Hydro-Québec's Seismic Analysis Progressive Approach 
A progressive approach was adopted by Hydro-Québec to assess and verify embankment 
dams and their foundation seismic safety. This approach is based on 5 analysis levels 
(Levels 0, I, II, III, IV). The degree of conservatism decreases with the progression in these 
analysis levels. 

The general principle of the progressive approach adopted is that seismic assessment should 
move to a higher level of analysis if the results of the previous level indicate an inadequate 
seismic safety margin. The incremental methodology by analysis levels and each analysis 
methodology are inspired by the worldwide practice for seismic assessment of dams (ICOLD, 
CDA, USBR, FERC, and the FEMA). This methodology also includes a progressive 
liquefaction susceptibility assessment approach integrated in the seismic safety analysis. 
Figure 1 presents a flowchart of the application of the seismic analysis and the liquefaction 
assessment methodologies for dams. 

Figure 1: Embankment Dam and Foundation Seismic Analysis 
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Based on 5 levels of analysis (Levels 0, I, II, III, IV), the following approach is recommended 
to assess and verify the seismic safety assessment of overburden or embankment dams: 

Level 0: Preliminary assessment of the seismic safety of the structure: screening and 
decision-making on seismic safety 

Level I: Pseudostatic analysis (seismic coefficient method) 

Level II: Analysis of permanent deformations (simplified methods) 

Level III: Linear-equivalent or non-linear dynamic total stresses analysis for 
permanent deformations assessment 

Level IV: Non-linear dynamic effective stresses analysis for permanent deformations 
assessment 

In this process, soils that lose more than 15% of their static shear strength by liquefaction or 
by cyclic softening are excluded from pseudostatic and conventional pseudodynamic type 
analyses. For those soils, dynamic analyses are conducted, deformations are evaluated 
(usually with non-linear analysis) with or without liquefaction (partial to complete 
liquefaction). 

4 Main Characteristics of Each Analysis Levels 

4.1 Level 0: Preliminary Assessment of the Seismic Safety 

The seismic safety analysis begins with a preliminary assessment which includes a pre-
selection of technical criteria (geotechnical, geometrical and seismological) and a decision-
making process. The first step of the progressive approach also includes verification of the 
susceptibility for shear strength loss of the embankment dam and its overburden foundation 
by liquefaction or cyclic softening. 

This first phase of the earthquake assessment for earthworks of a hydroelectric facility aims to 
establish a pre-selection of dams or dikes that are exposed to a certain risk and then select 
those which should be retained for a more detailed analysis. This evaluation does not include 
any extensive calculation; it is completed by evaluating the technical file (design report, such 
as build drawings, field and laboratory investigations) and characteristics of the dam and its 
foundation and by applying pre-selection criteria. It takes into account the local and regional 
geological and seismological information, the seismic zoning and the seismic parameters 
(Peak ground acceleration (PGA), PSA and seismic coefficients). 

It also includes screening and seismic safety decision making using a preliminary assessment 
of the susceptibility to shear strength loss by liquefaction or cyclic softening. The 
methodology is based on the soil type: Seed method is used for granular soils (based on the 
Geological Survey of Canada (GSC) seismic hazard, PGA, PRA, PSA, rd coefficient, free 
field conditions, etc.) and cyclic softening or mobility criteria (function of parameters 
calculated from Atterberg limits and the undrained shear strength) for coherent and plastic 
soils (Bray and Sancio, 2006, Boulanger et Idriss, 2007). It also takes into account the seismic 
zoning, the ground motion seismic parameters, and the local and regional seismicity. 

If there is no risk of potential shear strength loss by liquefaction or cyclic softening, it is 
necessary to continue the progressive approach with the next level analysis (when a result 
indicating an adequate seismic safety margin is obtained, the process is generally stopped). 
For cohesive soils susceptible to cyclic softening, the progressive approach of the seismic 
analysis will consist of carrying out a Level III analysis. 
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For granular materials, if the Level 0 analysis confirms a liquefaction susceptibility 
(SF < 1.0), the next step of the progressive approach should be to carry out a soil response 
Level I analysis to evaluate more precisely (less conservatism) the CSR. However, it could 
also be to directly evaluate the stability against slip failure in post-seismic conditions with the 
residual strength of liquefied or softened soils and verify whether or not the safety factor with 
these reduced shear strengths is equal or higher than 1.0. If the safety factor satisfies this 
condition, an estimation of the post-liquefaction settlement analysis must confirm if the 
freeboard is sufficient to enclose the reservoir. If the safety factor from the post-seismic 
analysis is lower than 1.0, two options are available: 1) to conduct directly remedial work or 
2) to invest using a more sophisticated dynamic analysis employing Level III.  

4.2 Level I: Pseudostatic Analysis (Constant Horizontal Seismic Coefficient Method) 

The pseudostatic method is the central element of Level I analysis if it is judged that the 
foundation and fills are not likely to lose more than 15% of their shear strength during an 
earthquake. With the pseudostatic method, the earthquake effects are represented by a 
constant horizontal and/or vertical acceleration (the seismic excitation is assimilated to an 
equivalent static force). These pseudostatic accelerations induce inertial forces which act 
through the centroid of the failure soil mass in a limit equilibrium analysis. The safety factor 
result of a pseudostatic stability analysis must be greater than 1.0 using the seismic coefficient 
of the Hydro-Québec guide. The horizontal seismic coefficient (kh) is set at 50% of the PRA. 
The choice of this criterion is based on Hynes-Griffin and Franklin’s (1984) research. By 
applying the Newmark sliding rigid block analysis, Hynes-Griffin and Franklin (1984) 
concluded that the peak deformation would not exceed 1 m if the pseudostatic safety factor is 
at least 1.0 and the seismic coefficient is set at 50% of the PRA (kh=0.5*PRA/g). 

If the pseudostatic analysis safety factor is less than 1.0, it is necessary to proceed to a Level 
II deformation analysis. 

The pseudo-static method is applicable only if the materials are not susceptible to liquefaction 
or cyclic mobility. This means that the materials should not generate excess pore pressures 
nor lose more than 15% of their shear strength during an earthquake. 

Liquefaction Susceptibility and Cycling Softening 

If there is susceptibility for shear strength loss either by liquefaction or by cycling softening 
based on the Level 0 assessment, the next analysis of the seismic stability of the dam will 
consist of conducting a soil response dynamic analysis in order to evaluate more precisely the 
CSR. The aim of this higher level of analysis is to confirm the liquefaction susceptibility of 
granular soils or the cycling softening of cohesive soils. 

After completing the soil response dynamic analysis, for granular soils, if no risk of 
liquefaction susceptibility is confirmed, a conventional pseudostatic analysis is conducted and 
if required, the next level of seismic analysis must be completed. If there is an identified 
cyclic softening susceptibility for cohesive soils, even after obtaining a less conservative CSR 
when compared to previously calculated CRR (Boulanger and Idriss, 2007) , it is necessary to 
continue and perform a Level II analysis. 

Limitation of the Pseudostatic Analysis Method for a Seismic Assessment 

The work of a special international expert committee mandated by Hydro-Québec to study 
potential projects involving dams to be built on sensitive clays in the 1980's highlighted an 
unrealistic assessment of seismic stability with the pseudostatic method in the case of dikes 
founded on natural soft clay with a quasi-constant low undrained shear strength (su) value 
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with depth, particularly when the slopes are relatively flat with deep critical surface failures 
based on the stability analysis. 

Wilson and Marsal (1979) reported that Seed (1967) had noted a limitation of the pseudostatic 
method in three case studies involving embankment dams constructed on a soft and sensitive 
clay foundation. Experimental data from these sites exposed shallow surface failures instead 
of the critical deep surface failure obtained by the pseudostatic method which reached the 
bottom clay deposit base with no influence of the shear strength values. 

Wu et Al. (1991) carried out a parametric study of the pseudostatic limit equilibrium method 
to evaluate the seismic stability of clay slopes. Their work shows that the safety factor 
decreases gradually while the failure surface becomes deeper and deeper during the analysis 
and the final critical failure surface reaches the bottom of the clay deposit as described by 
Wilson and Marsal (1979). Then the minimal safety factor for this type of analysis for a soft 
clay foundation reaches an unrealistic low value. 

In practice, the effect of adding berms or adopting milder slopes should increase the seismic 
stability of an embankment founded on a clay foundation. However, because of the 
pseudostatic method limitations for a dam founded on a soft clay deposits, the addition of 
seismic stabilizer features make the safety factor even lower than the same dam without 
berms and having steeper slopes. 

Based on experience and literature, no pseudostatic analysis should be performed for cohesive 
soils, at least for soft clay. 

4.3 Level II: Analysis of Permanent Deformations (Pseudodynamic Simplified Methods) 

The pseudodynamic method consists of calculating the dam crest displacement. For this type 
of analysis the vibrational character of the seismic excitation is considered.  

This type of simplified permanent deformation methods refers to the Newmark method (1965) 
and the Makdisi and Seed method (1978). The Jansen, Bureau and Swaisgood empirical 
methods for settlement assessment are also included in this level of analysis. 

These simplified permanent deformation methods require knowledge of the crest acceleration 
or potential instable volume of soil (block) acceleration which will initiate instability, called 
yield acceleration (ay). The coefficient ay represents the seismic coefficient corresponding to 
the pseudostatic acceleration required to induce instability of a soil mass (safety coefficient 
of 1.0 in a limit equilibrium analysis). It represents the acceleration beyond which permanent 
deformations occur if the earthquakes ground motion induced acceleration exceeds this ay  
reference value. This coefficient (ay) can also be established by performing a deformation 
dynamic analysis. At the technical level, the relative soil mass (or block) movement 
(interpreted as deformations) estimation consists of integrating the relative acceleration twice 
(area between the earthquakes ground motion induced acceleration and the ay reference). For 
most simplified permanent deformation methods, simplified relations are a function of the 
ratio between ay and the maximum earthquakes ground motion induced acceleration (amax). If 
deformations are significant with simplified methods, it is recommended to proceed with a 
more rigorous method. The Federal Energy Regulatory Commission (FERC, 1991) considers 
that maximum acceptable settlement with this method should not exceed 0.60 m. 

For cohesive soils, due to the limitation of the pseudostatic limit equilibrium method for soft 
clay cohesive soils, if a Newmark type analysis is performed, the yield acceleration has to be 
calculated by a deformation Level III dynamic analysis. if the Level 1 analysis has indicated a 
cyclic mobility susceptibility (SF < 1.0), the next step of the seismic stability analysis will 
consist of conducting laboratory cyclic tests in order to verify the cyclic mobility 
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susceptibility and to quantify the residual cyclic shear strength. The next step will be to 
perform a Level III analysis considering the residual cyclic shear strength. If no cyclic 
mobility softening is anticipated (SF > 1.0), a Level III analysis is perform with the intact 
cyclic shear strength (could be reduced based on engineer judgement). 

For granular materials, if the Level 1 analysis has indicated a liquefaction susceptibility 
(SF < 1.0), the next step of the seismic stability could be to evaluate directly the stability 
against slip failure in post-seismic conditions with residual strength of liquefied or softened 
soils and to verify if the safety factor with these strength losses is equal to or higher than 1.0. 
Following this analysis, a post-liquefaction reconsolidation settlement analysis must be 
conducted to ensure the reservoir closure. At the end of this analysis, if the safety factor of the 
post liquefaction stability analysis is still lower than 1.0 or if the calculated settlements 
exceeds the freeboard required for reservoir closure, remedial work must be conducted. 

Deformation dynamic Analysis: Levels III and IV 

If the safety margin is still insufficient, it is possible to apply one of the dynamic methods 
where the vibrational character of the seismic excitation is fully considered with various 
levels of sophistication according to the target analysis (linear-equivalent, non-linear in total 
stresses, non-linear in effective stresses, all with various behavior laws and in 2D or 3D). 

4.4 Level III: Linear-Equivalent or Non-Linear Dynamic Total Stresses Analysis for 
Permanent Deformations Assessment 

This level refers to a dynamic analysis by finite elements or finite differences methods. It 
could be a linear equivalent method of analysis or non–linear time domain method of analysis. 

For a homogenous clay embankment founded on a soft clay foundation, the Level 3 analysis 
follows the published Waba dam permanent deformations dynamic analysis which integrates 
a Newmark type analysis (GEO-SLOPE International Ltd, 2005).  

If it is anticipated that significant pore pressures occur, it is preferable to conduct a Level IV 
analysis. 

At this time, Hydro-Québec has completed some 2D permanent deformations dynamic total 
stresses analyses and considers itself still in appropriation with this type of numerical 
techniques.  

4.5 Level IV Non-Linear Dynamic Effective Stresses Analysis for Permanent 
Deformations Assessment 

Dynamic non-linear analysis in effective stresses using finite elements or finite differences 
method is proposed when it is anticipated that significant pore pressures could occur during a 
prospective earthquakes. A dynamic effective stresses analysis is considered a highly 
sophisticated analysis which requires several geotechnical laboratory and field test results. 
This type of analysis could be coupled with UBCSand or another behavior law which takes 
into account as accurately as possible the generation of excess pore-pressures and the shear 
strength loss anticipated during an earthquake (MDE). 

This type of dynamic analysis is still the focus of many university research projects. Hydro-
Québec has not yet carried out this type of analysis for embankment dams seismic safety 
assessments. 
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5 Case Studies 
Table 1 lists the seismic analyses that were conducted following the Hydro-Québec's 
progressive approach. It excludes those trivial analyses that requested only a standard 
pseudostatic analysis after completing the Level 0 analysis. 

At this time, no Level IV analysis has been performed and only 3 cases requested a Level III 
analysis. Based on this table, for those seismic studies which requested a higher Level 
analysis than a standard pseudostatic analysis, the seismic stability was confirmed in more 
than 50% of dams or dikes studied after completing a Level I analysis. 

6 Conclusion 
The embankment dams and foundation seismic progressive approach provides a valuable 
engineering tool to study methodologically the seismic stability of dams according to state- 
of-the-art practices. This methodology allows a gradation in the analysis according to local 
seismicity and site conditions. 

Hydro-Québec is continuing its historic commitment to research development in this field of 
expertise so as to continuously improve its practices. 
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Table 1: Summary Table Listing Seismic Safety Analyses Following the Progressive Approach 

Case 
Studies 

Dam and Dike Foundation 

Analysis Level 
Seismic Zone and 

PRA 
Dynamic Analysis and Other 

Analyses Section 
Max. Height 

(m) 
Slope UP/DW 

Crest 
Length 

(m) 
Deposits Thickness 

A 

Central till core with sand 
shoulders and large berms 11.9 11H:1V 560 Peat followed by 

clay on till 

0-3 m (peat) 
30 m (clay) 
5-35 m (till) 

0 - I - II 

1 (k=0.025) 
PRA=0.042g 

1D and cyclic laboratory test 
(clay) 

Homogeneous earthfill dike (till) 
with a cut off 6.9 3H:1V 1150 

Sand (cut off 
zone) and/or clay 

on till 

25 m (sand), 10-25 
m (clay) and 5-20 

m (till) 
0 - I 1D and settlement analysis 

(sand) 

Zoned rockfill dam with vertical 
till clay core 22.2 

2H:1V on till 
1.7H:1V on roc 

641 Silty sand (till) or 
rock < 5 m 0 - I Pseudostatic analysis 

Zoned rockfill dam with vertical 
till clay core 18 1.7H:1V 140 Rock --- 0 - I Pseudostatic analysis 

B Homogenous fill (silt), with 
upstream till core 9.1 3.5H:1V / 

3.0H:1V 580 Silt 20 m 0 - I - II - III 2 (k=0.05) PRA= 
0.07g 1D/2D 

C 
Homogenous fill 27.0 4.0H:1V/ 

4.1H:1V 44 Silty sand (till) 10 m 0 - I 
2 (k=0.10) 

PRA=0.20 g 

Post-liquefaction analysis 

Homogenous fill 9.0 
4.7H:1V/ 
3.9 H:1V 

492 Silty sand (till) 6-8 m 0 - I Pseudostatic analysis 

D 

Central clay core, sand filter with 
sand and gravel for shoulders and 
berms (founded on clay) 

31 (including 
deep cut off 

trench) 

2H:1V (with 
berm on clay) 1000 Sand and clay 0 - 22 m (sand), 40 

- 160 m (clay) 0 - I 3 (k=0.10) 
PRA=0.14g 1D and pseudsStatic analysis 

Central clay core, sand filter with 
sand and gravel shoulders 

20 (including a 
key trench 2.5H:1V 1190 Clay and sand 15 m (clay), 75 m 

(sand) 0 - I - II 3 (k=0.10) 
PRA=0.14g 

1D and pseudostatic analysis 
and cyclic laboratory test 

(clay) 

E 

Homogenous fill, silt, sand and 
gravel 14.3 5H:1V / 

4.5H:1V 70 
Rock --- 0 - I - II 3 (k=0.10) 

PRA=0.14 g 

1D and Post-liquefaction 

Homogenous fill, silt, sand and 
gravel 18.3 3.6H:1V / 

4.0H:1V 50 1D and pseudo-static analysis 

F Homogenous clay fill 8 3H:1V / 2H:1V 45000 Clay and till 5-35 m (clay), 0-5 
m (till) 0 - I - II - III 3 (k=0.15) 

PRA=0.32 g 
1D/2D and cyclic laboratory 

test (clay) 

G Homogenous till fill 6 
1.5H to 4H:1V 

/ 
2.5H:1V 

1335 Till 4 m 0 - I - II - III 3 (k=0.10) 
PRA=0.14 g 

1D/2D 
Post-liquefaction analysis 

H Homogenous fill, sand, and 
gravel with silt 8 2.1H:1V/ 

2.7H:1V 150 Sand with silt 
(Peat locally) 0-8 m 0 - II 3 (k=0.10) 

PRA=0.14 g Post-liquefaction analysis 

I 

Central till core with sand 
shoulders 13.7 2H:1V 1800 Silty sand and 

clay and sand 
12 m (sand), 30 m / 

5-30 m (clay) 
0 - I 

4 (k= 0.15) 
PRA = 0.3 g 

1D 
Central till core with sand for 
shoulders and large berms 26 

> 10H:1V 
(2H:1V with 
large berms) 

900 Clay and sand 30 m (clay), 5-30 m 
(sand) 
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ABSTRACT:  By means of the Spectral Element Method, the dynamic analysis of an arch dam and 

stress envelopes on the upstream and downstream of its main section are presented. The influence of 

the heterogeneity of the mechanical parameters and of the reservoir water level are considered. 

The seismic loading is derived from a recorded accelerogram. The mass of the foundation is taken into 

account and seismic attenuation is considered in both arch dam and its rock foundation. Specific 

absorbing multi-layers called « Perfectly Matched Layers » are used to simulate the wave propagation 

in an infinite elastic medium.  

1 Introduction  

There always exist uncertainties in defining soil and concrete mechanical parameters. This 

results from natural heterogeneity and limited availability of information about material 

properties. Indeed, using well-log data collected in various areas of the world, several authors 

[1-3] have constructed random models for these fields of mechanical properties. The 

consensus is not so clear about the correlation length, which is measured between 1 m and 

100 m. Besides this direct evidence based on well-log data, hundreds of travel-time 

tomography campaigns over the years have proven that the crust is heterogeneous on scales of 

1 km to 10 km [4-6]. In geotechnics, cone penetrometer tests [7] and spectral analysis of 

surface waves tests [8] have identified correlation lengths of the order of 1 m in the vertical 

direction and of 10 to 100 m in the horizontal direction [9]. Thus, to cope with these inherent 

uncertainties, we used a probabilistic modeling in our seismic analysis. 

Moreover, changes in the reservoir water level affect also the dynamic behaviour of the 

structure since it changes the global mass of the system that influence the dynamic interaction 

between the water mass and both soil and structure [10-11]. 

The objective of the paper is to study the seismic response of an arch dam-foundation 

reservoir system coupling the two aspects “randomly fluctuating material properties” and 

“reservoir water level”. It focuses on how they can impact the modal response of the structure 

and the stress distribution on the upstream and downstream faces of the arch dam. No other 

study combining these phenomena can be found in the literature. 

In the first section of our contribution, the arch dam and the foundation are considered as 

isotropic and homogeneous. Then, material parameters are modeled as random fields [12]. 

The seismic response of the arch dam-water-foundation rock is evaluated and compared with 

the homogeneous case coupling the influence of material heterogeneities and the effect of the 

reservoir water level. Modal response and stress distribution are investigated. 
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2 Numerical modeling 

2.1 Motion equations  

The equilibrium equation is obtained by expressing that the sum of the rate of work by 

external forces and the rate of work by internal forces is equal to the rate of work by inertial 

forces. 

              
    

   
      (1) 

where   is the Cauchy stress tensor,   the body forces,   the density and    the displacement. 

The isotropic linear elastic constitutive law in small strains is given by the Hooke's law : 

 

                                 (2) 

where   and   denote the Lame constants,    the identity 2nd order tensor and   the strain 

tensor. 

Considering Poisson's theorem, it is always possible to decompose the total displacement field 

  as the sum of a gradient of a scalar potential   and the curl of a vectorial potential   : 

 

                                   (3) 

Solving the equilibrium equation in an homogeneous medium taking into account equations 

(2) and (3), we obtain the following equations for the potentionals: 

 

       

   

   
    

      

   

   
    

       

      (4) 

in which we consider     
    

 
 and     

 

 
 that denote respectively the pressure wave 

velocity and the shear wave velocity 

2.2 Spectral element formulation 

Our code SEM is a finite element software based on a spectral formulation [13]. The 

displacement field   is given in each element on a base of Lagrange polynomials fi(x) at order 

N. Using high-order polynomials guarantees the spectral convergence. These polynomials are 

defined on the points of Gauss Lobatto-Legendre (GLL). Thus,          on the GLL    and 

0 in the other GLL. 

The displacement field is given by: 

 

                                             (5) 

The estimation of all integrals in each finite element yields the equation of motion in the 

following matrix form: 

                   (6) 

where   is the stiffness matrix deriving from the elastic energy,   the mass matrix derived 

from the kinetic energy,   and    the vectors of nodal forces. 

 

The mass matrix is given by : 

                                (7) 
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where     and      are the basic functions of the elements    and  . 

One of the originalities of the spectral method, results from the choice of the quadrature for 

the numerical evaluation of the finite element formulation. Gauss points are taken astutely the 

same as the nodes of definition of the basic functions. Therefore, the mass matrix is diagonal. 

 

                            (8) 

2.3 Explicit Newmark velocity scheme 

We discretize the time interval of interest using a time step   . The semi-discrete momentum 

equation is written in the conservative form      using two parameters   and   : 

 

   
 

  
               

                       (9) 

                  
 

 
     

 

 
          

  
 

 
  

 

 
       (10) 

        
 

    
               

 

 
        (11) 

where  ,  ,  ,  ,      and      denote respectively the mass matrix, displacement, velocity, 

acceleration fields, external forces and internal forces. 

 

                              (12) 

         
          

           
       (13) 

Noteworthy properties of this algorithm are exact conservation of the total angular momentum 

for   
 

 
 

 

 
 . A linear analysis shows that the spurious root at zero sampling frequency 

vanishes if and only if     [14]. This Newmark-type scheme can be generalized to a 

predictor-multi-corrector format that improves its properties and allows an efficient 

parallelization. 

 

Unlike in the implicit scheme, there is no need to assemble and invert the global mass matrix. 

The time step     has to be smaller than the critical time      which in an undamped system 

depends on the highest frequency in the smallest element [15]: 

 

             
  

  
     (14) 

where    is the smallest element size and    the velocity of the dilatational wave. 

2.4 Boundary conditions (Perfectly matched layers) 

Absorbing layers are finite regions “attached” at the extremities of a model. Their objective is 

to approximate the case of an unbounded problem by absorbing waves entering them. This 

type of layers is an absorbing region rather than a boundary condition [16]. It reduces 

spurious reflections at the medium boundaries using layers having specific attenuation 

properties. It is for instance the case for the Perfectly Matched Layer approach [20]. As its 

name indicates, a PML matches perfectly the impedance of the area of study. This means that, 

in theory, a wave enters a PML without reflection. Once inside it, the wave decays 

exponentially. 

A PML can therefore be used to achieve total radiation of a wave out of the area of study. In 

an elastic medium, plane waves are defined by the following equation: 
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                         (15) 

In the PML, this equation becomes: 

                    
                 

  

      (16) 

3 Seismic response of a homogeneous dam-foundation-reservoir 

system 

3.1 Physical model 

Material characteristics are listed in the table below : 

Table 1: Material properties. 

    (m/s)    (m/s)   (Kg/m3) Dimension (m) 

Foundation 3353 2175 2200 3700 X 3505 X 2220 

Arch dam 3472 2195 2400 60 base X 220 height  

Reservoir 1500 - 1000 200 X 2500 X 220 

Bedrock 4500 2470 2600 3700 X 3505 X 1000 

 

In this work, the seismic loading is derived from a recorded accelerogram (Bam earthquake, 

Iran 2003) corrected to a PGA equal to 0.2g. The acceleration history of the seismic input is 

given through three accelerograms presented below. 

 

   

Figure 1: Acceleration time histories in the directions X, Y and Z. 

 

The seimic load is applied  at the base of the foundation. 

 

An attenuation of 3% in the foundation and 5% in the dam is considered for the pressure 

waves. The quality factor of the shear waves is about the half that of the pressure waves 

(irreversible behaviour of the shear waves). 

3.2 Mesh properties 

The hexahedral mesh was generated using the free software Gmsh. The model contains over 

25 millions elements. Computations were run in parallel with 168 processors. 

 

634



 

Figure 2:  Mesh model. 

3.3 Results and interpretations 

 Analysis’ method 

The seismic load was measured at the base of the dam. To take into account the interaction 

between the dam and the foundation, we need to quantify the acceleration at the base of the 

model that generates the same response at the base of the arch dam. Thus, first, the measured 

accelerations are applied at the base of the foundation (neither the dam nor the reservoir are 

considered). Then, the response obtained across the valley is deconvoluted. Finally, the 

deconvoluted signals are applied to the arch dam-foundation-reservoir system for all models 

(homogeneous / heterogeneous realizations). 

 

 Seismic response at the bending axis of the arch dam’s main section 

Comparing the acceleration response at the base and on the crest of the dam, one observes an 

amplification on the crest (see figure 3). 

It reaches 10 times the response at the base in the vertical direction for both models (empty / 

full reservoir). In the normal direction of the arch, the highest acceleration on the crest is 

roughly 13 times that at the base when the reservoir is empty and 10 times when it is full. 

 

 
(a)    (b) 

Figure 3: Seismic response at the main section of the arch respectively in the left bank-right 

bank direction (X), the normal direction to the dam (Y) and the vertical direction (Z) 

(a) full reservoir (b) empty reservoir. 
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 Modal analysis 

In order to analyze the behaviour of the dam under the seismic load, time responses are 

converted in the frequency domain by performing the Fast Fourier Transform. We choose 42 

equidistant sensors on the dam crest and a reference station at its base (see figure below). 

 

 

Figure 4: Sensors positions. 

For the evaluation of the modal frequencies of the structure, the spectrum ratio between each 

sensor and the reference station were calculated. Then, drawing the sum of these ratios, 

function of frequency, it is possible to select the peaks that correspond to eigenfrequencies. 

This procedure was done separately for all directions (left bank-right bank, downstream-

upstream and vertically). The first 10 eigenfrequencies are reported in the table below. 

Table 2: Eigenfrequencies of the homogeneous arch dam-foundation system. 

 F1 

(Hz) 

F2 

(Hz) 

F3 

(Hz) 

F4 

(Hz) 

F5 

(Hz) 

F6 

(Hz) 

F7 

(Hz) 

F8 

(Hz) 

F9 (Hz) F10 

(Hz) 

Full reservoir 0.44 0.63 0.78 0.83 1.07 1.42 1.51 1.76 1.85 2.15 

Empty reservoir 0.78 1.51 1.76 1.81 2.00 2.15 2.20 2.34 2.83 3.66 

 

Looking at the eigenfrequencies, we note that they are higher in the case of empty reservoir. 

So that the arch dam vibrate more rapidly. 

That highlights the influence of the reservoir water level on the dynamic behaviour of the 

structure. The emptier it is, the heavier becomes the system dam-foundation-reservoir. Thus, 

the structure resists more to the seismic loading and vibrates slowly. 

 Stress envelopes 

The next diagrams give some representative comparisons of stress envelopes at the main 

section of the arch between results for the different reservoir levels (full / empty) and 

considering homogeneous dam and foundation. 

Hoop stress (SXX) is maximum on the crest of the dam. One observes that on the top of the 

dam in the case of full reservoir, it is roughly double the stress when the reservoir is empty. 

On the upstream face of the dam, envelopes of orthogonal stress to the arch (SYY) obtained 

with full reservoir are quite smaller that those with empty reservoir. This can be explained by 

the influence of water on the interface arch-reservoir. The vertical stress (SZZ) reaches its 

maximum at the upper part of the dam’s downstream face (3H/4) for both water reservoir 

level. 

 

Figure 5: Stress envelopes - Main section - upstream. 
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Figure 6: Stress envelopes - Main section - downstream. 

4 Seismic response of an arch dam-foundation-reservoir system 

considering randomly fluctuating material properties 

To quantify the influence of heterogeneity in the medium, probabilistic mechanical 

parameters can be used. The spectral representation is a classic way to sample gaussian 

random field. This latter is generated using the formula of discretization proposed by 

Shinozuka and Deodatis. 

An example of 1V-2D (i.e 1 variable 2 dimensions) is given in the equation bellow: 

 

                        
          

    

    
    
               

                
          

    

    
    
              (17) 

                                  (18) 

where (  ,   ) represent the position in the mesh (       and       ), (  ,   ) the 

dimensions of the mesh in the spatial domain,    and    the numbers of points in the spatial 

domain in both directions x and y,   and   the random independent phases,             the 

coordinates of points in the frequency domain, (   ,   ) the dimensions of the mesh in the 

frequency domain and   the spectral density function given in all points in the frequency 

domain. 

In our model,   is the Lamé coefficients and the isotropic modulus. The density is kept 

homogeneous. The evaluation of the response variability due to system stochasticity consists 

of performing the response analysis of structural systems with gaussian correlation and Log-

normal distribution in their material properties. Standard deviations and correlation lengths 

are given in the table below. 

Table 3: Random properties 

          (%) 

Foundation 300 50 

Arch dam 20 12 

 

The same accelerograms, the same seismic attenuation and the same procedure of calculation 

as in the homogeneous case are considered. 

Only realizations where there are almost the same order of size of the Young modulus at the 

base of the dam to avoid dispersions due to heterogeneities at the interface dam-foundation. 

4.1 Results and interpretations 
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This section reports and discusses the influence of hetero 

geneities on the modal response of the dam and the stress envelopes on its main section. 

 Modal analysis  

Proceeding in the same manner as the homogeneous case, eigenfrequencies obtained are 

summarized in the tables below.  

The results show that for both reservoir water levels, heterogeneities affect significantly the 

modal response of the dam. 

Comparing heterogeneous cases with the homogeneous one in the dam-foundation-reservoir 

model, one observes for the two water reservoir level : 

o 1
st
 eigenfrequency is almost not influenced by heterogeneities. 

o Heterogeneity induces a densification of the modes (many modes similar to the same 

eigenvalue) 

We note also that frequencies are higher when the reservoir is empty than those when it is full 

of water. 

Table 4: Modal frequencies of the arch dam-foundation-empty reservoir system. 

 F1 

(Hz) 

F2 

(Hz) 

F3 

(Hz) 

F4 

(Hz) 

F5 

(Hz) 

F6 

(Hz) 

F7 

(Hz) 

F8 

(Hz) 

F9 (Hz) F10 

(Hz) 

Homogeneous 0.78 1.51 1.76 1.81 2.00 2.15 2.20 2.34 2.83 3.66 

Heterogeneous 1 0.78 1.53 1.82 1.87 1.97 2.02 2.17 2.22 2.34 2.83 

Heterogeneous 2 0.78 1.51 1.77 1.87 2.03 2.13 2.24 2.34 2.39 3.48 

Heterogeneous 3 0.78 1.51 1.75 2.15 2.34 2.44 2.73 2.88 3.17 3.32 

Heterogeneous 4 0.79 1.40 1.56 1.66 1.77 1.87 2.13 2.18 2.03 2.24 

Table 5: Modal frequencies of the arch dam-foundation-full reservoir system. 

 F1 

(Hz) 

F2 

(Hz) 

F3 

(Hz) 

F4 

(Hz) 

F5 

(Hz) 

F6 

(Hz) 

F7 

(Hz) 

F8 

(Hz) 

F9 (Hz) F10 

(Hz) 

Homogeneous 0.44 0.63 0.78 0.83 1.07 1.42 1.51 1.76 1.85 2.15 

Heterogeneous 1 0.44 0.64 0.79 0.84 1.07 1.18 1.28 1.42 1.53 1.82 

Heterogeneous 2 0.44 0.78 0.83 1.07 1.09 1.25 1.40 1.51 1.76 1.87 

Heterogeneous 3 0.44 0.63 0.78 1.07 1.42 1.51 1.86 2.20 2.34 2.44 

Heterogeneous 4 0.44 0.78 0.83 0.92 1.07 1.09 1.25 1.40 1.51 1.87 

 

 Stress envelopes 

The next diagrams give some representative comparisons between results for homogeneous 

and heterogeneous models considering different water reservoir levels (empty/full) on the 

upstream and downstream of the arch dam. 

Looking at the envelopes below, one observes: 

o The stress fields at the base of the dam are not affected by heterogeneities. 

o The maximum of stress (hoop ones) are reached on the dam crest in homogeneous and 

heterogeneous cases for both reservoir water levels. 

o In homogeneous models, hoop stresses on the dam’s crest in the full model are three 

times those in the empty one. 

o On the upstream of the dam, the upper ¾ of the structure is influenced by 

heterogeneities. However, when the reservoir is full, only the response on the crest is 

influenced. 

o Stress envelopes of the homogeneous model are inside those of the heterogeneous 

models. Results depend on the spatial variability of the model’s mechanical properties. 
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Figure 7: Stress envelopes – Main section – upstream – full reservoir. 

 

 

Figure 8: Stress envelopes – Main section – downstream – full reservoir. 

 

 

Figure 9: Stress envelopes – Main section – upstream – empty reservoir. 

 

 

Figure 10: Stress envelopes – Main section – downstream – empty reservoir. 
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5 Conclusions 

A dynamic analysis of an arch dam-foundation-reservoir system was performed using the 

spectral element method. The influence of coupling randomly fluctuating material properties 

on the seismic response of the dam was studied considering two reservoir water levels (full 

and empty). Results confirmed that heterogeneities could change the mechanical response of 

the structure (underestimate or overestimate its response depending on the spatial variability 

of the mechanical properties). In this contribution, our conclusions are based on linear 

material behaviour. They can change if we consider for example the effect of nonlinearities in 

constitutive behaviour. I implemented a joint constitutive formulation which can account for 

modeling the opening and sliding of contraction joints. The next step is to couple all these 

aspects (heterogeneity, reservoir water level and contraction joints). 
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ABSTRACT: The analysis of monitoring data is one of the most important tasks in the safety 
assessment of concrete dams, both for the daily operation and for the long-term behavior evaluation. 
In engineering practices, the HST (Hydrostatic, Seasonal, Time) method is often used for that purpose. 
This method is based on the assumption that the dam response is a linear combination of three 
independent effects which are representing the effect of three external loads. Those loads are the 
hydrostatic pressure from the reservoir, the thermal effects and the long-term irreversible changes due 
to the ageing of materials. The HST method assumes that the mechanical effect of the hydrostatic 
pressure from the reservoir is elastic and thus acts instantaneously. This assumption is an 
approximation since concrete induces delayed response, such as creep. The aim of this contribution is 
to present an improvement of the HST model by taking into account the viscoelastic behavior of 
concrete. This behavior is described thanks to the Kelvin-Voigt model which represents a material 
having both the property of elasticity and that of viscosity. The improvement of HST is illustrated on 
real measurements of displacements collected on an arch dam. The conclusion drawn from this study 
is that the computation of the viscous part of the displacement leads to a finer prediction of the 
irreversible time effects since the global effect of hydrostatic pressure from the reservoir is determined 
more accurately. Accordingly, the HST method is corrected by a better estimation of the effects of 
each external load and the determination of the elastic response is improved. It can thus be used to 
calibrate more precisely the Young’s modulus of concrete and foundation in numerical models based 
on the finite element method. 

1 Introduction 
The analysis of dams monitoring data is carried out using statistical analysis methods that 
were developed to identify and quantify the effects of the external loads. The HST 
(Hydrostatic-Season-Time [1]) model has proved to be powerful and is widely used within the 
community of dam owners. Its main advantages are its robustness and its ease of 
interpretation and application. However, a limitation of HST has been identified when 
analyzing displacements of concrete dams which is that HST does not take into account the 
viscoelasticity of concrete. To pass through this shortcoming, this contribution will present an 
improvement of the HST model by taking into account the viscoelastic behavior of concrete. 
This behavior is described thanks to the Kelvin-Voigt model which represents a material 
having both the property of elasticity and that of viscosity. Then, the enhancement of HST is 
illustrated on real measurements of displacements collected on an arch dam. Finally, thanks to 
this improvement of HST, the irreversible effect due to ageing processes is determined more 
precisely and the hydrostatic elastic effect used to calibrate finite element modeling is more 
accurate. In addition, there is interest in carrying out this improvement in order to explain 
displacements under abnormal operating modes, such as emptying which lasts many months. 
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2 State of the Art: the HST model 
The HST model [1] for data correction is EDF’s main method to analyze monitoring data 
(displacements, uplifts, leaks, etc.). The HST model assumes that raw measurements can be 
modeled by adding three independent effects: 

• An irreversible change in the phenomenon over time t (in days), which may tend to 
decay (adaptation or consolidation), to increase (degradation) or to remain constant. 
The law f1 corresponding to this effect is written as follows: 

 
𝑓𝑓1(𝑡𝑡) = 𝑎𝑎1. 𝑡𝑡 (1) 

 
It consists of a linear term that is sufficient in most cases to describe the ageing 
effects. Indeed, after many decades of measurements it was observed on most of the 
dams that the long-term drift over time is well described with a linear term. Some 
authors [2] use a polynomial or an exponential decay in order to model the irreversible 
changes of the dam. This can be useful when studying the first impoundment or the 
early age shrinkage of concrete. In this paper, only the long-term behavior is studied 
and therefore it always exists a period of measurements for which the linear term is 
appropriate. 

• A reversible effect corresponding to the elastic effect of the hydrostatic load. The 
corresponding law f2 is expressed as follows: 

  
𝑓𝑓2(𝑧𝑧) = 𝑎𝑎2. 𝑧𝑧 + 𝑎𝑎3. 𝑧𝑧2 + 𝑎𝑎4. 𝑧𝑧3 + 𝑎𝑎5. 𝑧𝑧4  (2) 

 
Where z is representative of the water level from the reservoir. z is called the relative 
trough, and is a normalized value between 0 and 1 by applying the following equation: 
 

𝑧𝑧 = ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛−𝐻𝐻
ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛−ℎ𝑒𝑒𝑛𝑛𝑒𝑒

   (3) 
 
with H being the water level on the day of measurement, hnorm the normal operating 
water level and hemp the water level when empty. This convention thus imposes that 
the dam is full when z = 0. 

• A reversible seasonal effect f3(S) due to various cyclic phenomena (temperature of air 
and water, radiation, rainfall, etc.). The seasonal law is a one-year periodic function. 
The season S is varying from an angle equal to 0° on January 1 and 360° on 
December 31; then: 

 
𝑓𝑓3(𝑆𝑆) = 𝑎𝑎6. cos (𝑆𝑆) +  𝑎𝑎7. sin (𝑆𝑆) + 𝑎𝑎8. cos (2𝑆𝑆) + 𝑎𝑎9. sin (2𝑆𝑆)  (4) 

 
The measurement Xj (displacement of the dam, j varying from 1 to N and being the j-th 
observation) at time tj, for a water level zj, at a season Sj is expressed as follows: 
 

𝑋𝑋𝑗𝑗 = 𝑎𝑎0 + 𝑎𝑎1. 𝑡𝑡𝑗𝑗 + 𝑎𝑎2. 𝑧𝑧𝑗𝑗 +  𝑎𝑎3. 𝑧𝑧𝑗𝑗2 + 𝑎𝑎4. 𝑧𝑧𝑗𝑗3 + 𝑎𝑎5. 𝑧𝑧𝑗𝑗4 + 𝑎𝑎6. cos�𝑆𝑆𝑗𝑗� +  𝑎𝑎7. sin�𝑆𝑆𝑗𝑗�
+ 𝑎𝑎8. cos�2𝑆𝑆𝑗𝑗� + 𝑎𝑎9. sin�2𝑆𝑆𝑗𝑗� + 𝜀𝜀𝑗𝑗 

(5) 

 
The term εj is the j-th residue of the model, including the measurement errors and the 
imperfections of the model. The coefficients ai (i varying from 0 to 9) are determined by 
carrying out a multiple linear regression which minimizes the sum of squared residuals ∑ 𝜀𝜀𝑗𝑗2𝑗𝑗 . 
a0 is the constant of multiple linear regression.  
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3 Model for Viscoelastic displacements of concrete dams 

3.1 Shortcoming of the HST model 
Some external loads have delayed effects. For instance, the effect of external temperature is 
not instantaneous because of the thermal diffusion inside the concrete of dam. In that case, the 
delay between the external load and the subsequent displacement is taken into account thanks 
to the phase shift in the seasonal function.  
Regarding the water level effect, the HST model makes the strong assumption that the effect 
of hydrostatic load is elastic, and thus acts instantaneously. However, concrete is a complex 
material which has the property of creep. Creep is the trend of a solid material (concrete or 
rock for dams) to deform permanently under the continuous influence of mechanical stresses 
(hydrostatic load or thermal stresses). 
The creep of concrete can be split into two parts: 

• a reversible deformation, also called creep recovery in the case of unloading. This 
reversible behavior of concrete is similar to what is observed for a viscoelastic solid, 

• an irreversible deformation, which depends on the ageing of concrete. It is caused by 
the long-term relaxation of self-equilibrated micro-stresses in the nano-porous 
microstructure of the Calcium silicate hydrate. 

The irreversible part of creep is adjusted thanks to the law f1(t) of the HST model. Although 
this law is a simple linear term of the time, it is pertinent to adjust the long-term effect of 
ageing and to detect any future abnormal behavior. Regarding the early age of concrete, the 
phenomenon of creep is made more complex by the shrinkage which also influences the 
observed deformations. Consequently, to analyze the early age of concrete, one should not use 
the linear term of f1(t). The appropriate models are out-of-scope for this paper. 
The reversible part of creep is not taken into account in the HST model since the law f2(z) acts 
instantaneously. Thus, the reversible part of creep that is not taken into account by f2(z) 
contributes to the residuals of HST.  

3.2 Description of the viscoelastic model 
In order to describe the reversible part of creep, one can use the Kelvin-Voigt model [3]. It is 
represented by a viscous damper and a linear elastic spring connected in parallel as shown in 
the figure 1. 
 

 
 

Figure 1: Kelvin-Voigt model [3] 

 
The following stress (σ in Pa) – strain (ε) relationships for the spring (resp. damper) are 
assumed: 
 

𝜎𝜎 = 𝐸𝐸. 𝜀𝜀   (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.  𝜎𝜎 = 𝜂𝜂 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

)  (6) 
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where E (in Pa) is a modulus of elasticity and η (in Pa.s) is the viscosity. Since the total stress 
𝜎𝜎𝑇𝑇 is the sum of each relationship, one can deduce the equation hereinafter: 
 

𝜎𝜎𝑇𝑇 = 𝐸𝐸. 𝜀𝜀 + 𝜂𝜂 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

  (7) 
 
If a constant unit stress (𝜎𝜎𝑇𝑇  = 1 in Equation (7)) is applied at t = 0, then the solution of 
Equation (7) is as follows: 
 

𝜀𝜀(𝑡𝑡) = 1
𝐸𝐸

(1 − 𝑟𝑟−
𝑡𝑡
𝑇𝑇0) for t ≥ 0 (8) 

 
Where the time delay parameter T0 is equal to η/E.  
 

Table 1: Relationship between stresses and strains for different boundary conditions. 
External stress (boundary conditions) Corresponding strains 
Constant unit stress at t = 0 (Heaviside step 
function) 𝜎𝜎𝑇𝑇(𝑡𝑡) = 1 ∀𝑡𝑡 ≥ 0  and 𝜎𝜎𝑇𝑇(𝑡𝑡) = 0  
elsewhere 
 

𝜀𝜀𝐻𝐻(𝑡𝑡) =
1
𝐸𝐸

(1 − 𝑟𝑟−
𝑑𝑑
𝑇𝑇0) 

Unit stress at t = 0 also called “Dirac delta 
function δ(t)” (derivative of the Heaviside step 
function) 𝜎𝜎𝑇𝑇(𝑡𝑡) = 𝛿𝛿(0) 

𝜀𝜀(𝑡𝑡) = 𝜕𝜕𝑑𝑑𝐻𝐻
𝜕𝜕𝑑𝑑

= 1
𝑇𝑇0𝐸𝐸

. 𝑟𝑟−
𝑡𝑡
𝑇𝑇0 = 1

𝐸𝐸
.𝑃𝑃(𝑡𝑡)  

 

with 𝑷𝑷(𝒕𝒕) = 𝟏𝟏
𝑻𝑻𝟎𝟎
𝒆𝒆−

𝒕𝒕
𝑻𝑻𝟎𝟎  which is 

called impulse response function 
 

Unit stress at t = t1 𝜎𝜎𝑇𝑇(𝑡𝑡) = 𝛿𝛿(𝑡𝑡1) 𝜀𝜀(𝑡𝑡) =
1
𝐸𝐸

.𝑃𝑃(𝑡𝑡 − 𝑡𝑡1) 
 

Stress of value A1 at t = t1 𝜎𝜎𝑇𝑇(𝑡𝑡) = 𝐴𝐴1 𝛿𝛿(𝑡𝑡1) 𝜀𝜀(𝑡𝑡) =
𝐴𝐴1
𝐸𝐸

.𝑃𝑃(𝑡𝑡 − 𝑡𝑡1) 
 

Succession of value Ai at t = ti 

 𝜎𝜎𝑇𝑇(𝑡𝑡) = ∫ 𝐴𝐴𝑖𝑖𝛿𝛿(𝑡𝑡𝑖𝑖)𝑑𝑑𝑡𝑡𝑑𝑑𝑖𝑖
 𝜀𝜀(𝑡𝑡) = �

𝐴𝐴𝑖𝑖
𝐸𝐸

.𝑃𝑃(𝑡𝑡 − 𝑡𝑡𝑖𝑖)𝑑𝑑𝑡𝑡𝑖𝑖
𝑑𝑑≤𝑑𝑑𝑖𝑖

 

  
 
Thus, for an external transient 𝜎𝜎𝑇𝑇 (t), the corresponding strain is given by the last equation of 
table 1, which can be reformulated in those terms: 
 

𝜀𝜀(𝑡𝑡) = ∫ 𝜎𝜎𝑇𝑇(𝜏𝜏)
𝐸𝐸

.𝑃𝑃(𝑡𝑡 − 𝜏𝜏)𝑑𝑑𝜏𝜏𝜏𝜏=𝑑𝑑
𝜏𝜏→−∞  = ∫ 𝜎𝜎𝑇𝑇(𝑑𝑑−𝑢𝑢)

𝐸𝐸
.𝑃𝑃(𝑢𝑢)𝑑𝑑𝑢𝑢𝑢𝑢=+∞

𝑢𝑢=0  (9) 
 
If this viscoelastic model is applied to the concrete of dams, the external transient stress 𝜎𝜎𝑇𝑇 (t) 
becomes the hydrostatic load which is introduced via the relative trough z. The corresponding 
strain is called the delayed trough and is denoted 𝑧𝑧𝐷𝐷 (t). Consequently, equation (9) becomes: 
 

𝑧𝑧𝐷𝐷(𝑡𝑡) = ∫ 𝑧𝑧(𝑑𝑑−𝑢𝑢)
𝐸𝐸

.𝑃𝑃(𝑢𝑢)𝑑𝑑𝑢𝑢𝑢𝑢=+∞
𝑢𝑢=0  (10) 

As z(t) is not monitored continuously, it is assumed to be constant over periods of Δt = 1 day. 
Then, Equation (10) can be calculated by splitting it into two parts: 
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𝑧𝑧𝐷𝐷(𝑡𝑡 + 𝛥𝛥𝑡𝑡) = ∫ 𝑧𝑧(𝑑𝑑+𝛥𝛥𝑑𝑑−𝑢𝑢)
𝐸𝐸

.𝑃𝑃(𝑢𝑢)𝑑𝑑𝑢𝑢𝑢𝑢=𝛥𝛥𝑑𝑑
𝑢𝑢=0 + ∫ 𝑧𝑧(𝑑𝑑+𝛥𝛥𝑑𝑑−𝑢𝑢)

𝐸𝐸
.𝑃𝑃(𝑢𝑢)𝑑𝑑𝑢𝑢𝑢𝑢=+∞

𝑢𝑢=𝛥𝛥𝑑𝑑  (11) 
 
The first part is easily calculated by assuming that 𝑧𝑧(𝑡𝑡 + 𝛥𝛥𝑡𝑡 − 𝑢𝑢) = 𝑧𝑧(𝑡𝑡 + 𝛥𝛥𝑡𝑡) and the second 
part by the substitution 𝑣𝑣 = 𝑢𝑢 − ∆𝑡𝑡. 
Finally the following recursive formula is obtained. It can be easily solved in engineering 
practice: 
 

𝑧𝑧𝐷𝐷(𝑡𝑡 + 𝛥𝛥𝑡𝑡) =  𝑧𝑧𝐷𝐷(𝑡𝑡). 𝑟𝑟−
∆𝑡𝑡
𝑇𝑇0 + 𝑧𝑧(𝑡𝑡 + ∆𝑡𝑡). (1 − 𝑟𝑟−

∆𝑡𝑡
𝑇𝑇0) (12) 

 
The HST model (Equation (5)) is then improved by adding the corresponding delayed trough 
(in bold) in the explanatory variables as shown below: 
 
𝑋𝑋𝑗𝑗 = 𝑏𝑏0 + 𝑏𝑏1. 𝑡𝑡𝑗𝑗 + 𝑏𝑏2. 𝑧𝑧𝑗𝑗 +  𝑏𝑏3. 𝑧𝑧𝑗𝑗2 + 𝑏𝑏4. 𝑧𝑧𝑗𝑗3 + 𝑏𝑏5. 𝑧𝑧𝑗𝑗4 + 𝑏𝑏6. cos�𝑆𝑆𝑗𝑗� + 𝑏𝑏7. sin�𝑆𝑆𝑗𝑗�

+ 𝑏𝑏8. cos�2𝑆𝑆𝑗𝑗� + 𝑏𝑏9. sin�2𝑆𝑆𝑗𝑗� +  𝒃𝒃𝟏𝟏𝟎𝟎.𝒛𝒛𝑫𝑫𝑫𝑫 + 𝒃𝒃𝟏𝟏𝟏𝟏.𝒛𝒛𝑫𝑫𝑫𝑫𝟐𝟐 + 𝒃𝒃𝟏𝟏𝟐𝟐. 𝒛𝒛𝑫𝑫𝑫𝑫𝟑𝟑 + 𝒃𝒃𝟏𝟏𝟑𝟑.𝒛𝒛𝑫𝑫𝑫𝑫𝟒𝟒

+ 𝜉𝜉𝑗𝑗 
(13) 

 
The term ξj is the j-th residue of the model, including the measurement errors and the model 
imperfections. The coefficients bi (i varying from 0 to 13) are determined by carrying out a 
multiple linear regression which minimizes the sum of squared residuals ∑ 𝜉𝜉𝑗𝑗2𝑗𝑗 . b0 is the 
constant of multiple linear regression. 
The viscoelastic effect of concrete 𝑓𝑓4(𝑧𝑧𝐷𝐷) is adjusted thanks to the multiple linear regression. 
 

𝑓𝑓4(𝑧𝑧𝑅𝑅) = 𝑏𝑏10. 𝑧𝑧𝐷𝐷 +  𝑏𝑏11. 𝑧𝑧𝐷𝐷2 + 𝑏𝑏12. 𝑧𝑧𝐷𝐷3 + 𝑏𝑏13. 𝑧𝑧𝐷𝐷4   (14) 
 
Nevertheless, as shown by Equation (12), one should not forget that the calculation of zD 
depends on the value of T0 which is not known before carrying out the multiple linear 
regression. In order to get through this difficulty, the method of resolution consists in testing 
several values of T0 and selecting the one which induces the minimum sum of square 
residuals. 
T0 typically ranges from 50 to 400 days when characterizing the viscoelasticity of concrete 
and foundation. Besides, the first term of the recursive Equation (12) is imposed equal to zero 
because it is not known beforehand. Thus one should begin the calculation of 𝑧𝑧𝐷𝐷  (t) 
approximately 6 months before the first date of the time series of displacement which is to 
explain. Doing so permits to obtain the correct value of 𝑧𝑧𝐷𝐷 (t) when using it to explain the first 
instant of the time series. 
Once the model is calibrated, it is important to check the calculated effects and value of T0 in 
order to ensure that the values are in the expected range. 

4 Case Study on a French large dam 

4.1 Description of the dam 
The studied dam is a 180 m high arch dam, the crest of which is 300 m long. Its thickness 
varies from 45 m (base) to 10 m (crest). It was completed in the 1950s. It is located in the 
French Alps and equipped with a comprehensive monitoring system including: 

• Pendulums 
• Piezometers 
• Topographic survey 
• Foundation wire 
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• Flow and drainage measurement 
 
This study will focus on the analysis of the upstream/downstream displacements measured by 
several pendulums located at block KL between the altitude 1749 m and 1640 m (See Figure 
2). This radial displacement is one of the key parameters which are representative of the 
global behavior of the dam. It measures the greatest displacements of the dam and 
consequently the greatest viscoelastic displacements. 
 

 
 

Figure 2: Positioning of pendulums on the studied dam. View from downstream. Altitudes are 
indicated in m above the sea level 

 

4.2 Results of the HST model  
When applying the HST model, Equations (2) and (4) permit to plot the hydrostatic and 
seasonal effects (See Figure 3). The hydrostatic effect is interpreted as follows: when the 
water level decreases from hnorm (1790 m above the sea level (a.s.l.) ) to 1645 m a.s.l., the 
total upstream displacement is about 24 mm. Regarding the seasonal effect, the displacement 
due to the thermal load between summer and winter is about 8 mm. 
Figure 4 shows the so-called “corrected measurements CM" which are unaffected by the 
reversible effects (f2 (z) and f3(S)) and calculated as follows: 
 

𝐶𝐶𝐶𝐶𝑗𝑗 = 𝑋𝑋𝑗𝑗 − 𝑓𝑓2�𝑧𝑧𝑗𝑗� − 𝑓𝑓3(𝑆𝑆𝑗𝑗) (15) 
 
The HST model makes a strong assumption: the reversible effects are independent (i.e. 
additive). It means that the season (thermal effects) has the same effect on a full or an empty 
dam and vice versa.  
The model enables data to be compared under identical seasonal (average season f3(S) = 0) 
and water level (full dam f2(z) = 0) conditions. This correction of measurement highlights 
slow temporal effects or anomalies. 
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a) 

 

b) 

 

Figure 3: a) Hydrostatic and b) Seasonal effects  

 

 
Figure 4: time series of water level, raw data and corrected measurements 

As illustrated in figure 4, the irreversible effect calculated by HST first highlights a decrease, 
then a constant value over the period 2005-2010, and finally a decrease after 2010. When 
comparing this irreversible effect to the water level time series, it is noteworthy that the 
period 2005-2010 exhibits a higher constant water level than usual. Consequently, one can 
emit doubts concerning the calculated corrected measurements since delayed hydrostatic 
effects are not taken into account in the HST model.  
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4.3 Results of HST with viscoelasticity 
When applying the HST model with viscoelasticity, the first parameter to be calibrated is the 
time delay parameter T0. Figure 5 shows up the optimum T0 = 242 days which minimizes the 
sum of squared residuals. This value is included in the expected range considering the 
thickness of concrete (from 45 to 10 m). Besides, taking into account the viscoelasticity of 
concrete divides the sum of squared residuals of HST by 2. 
 

 
Figure 5: Optimization of the time delay parameter T0. Optimum Value T0 = 242 days. The 

mean sum of squared residuals is the sum of squared residuals divided by the number of 
observations. 

 
The reversible effect of the hydrostatic load is split into two parts: 

• The elastic and thus instantaneous part, as illustrated on Figure 6a 
• The viscoelastic part, which is delayed, as illustrated on Figure 6b 

The estimated bi and their standard error σ(bi) are determined by the least square method. For 
that method, the t-test statistic is calculated for each coefficient bi by t = bi / σ(bi) and it is a 
measure of the limit standard deviation that makes it possible to have bi = 0 [4]. The t-
distribution has a bell shape which is quite similar to the normal distribution for samples with 
more than 30 observations. Thus, it is easy to compute the probability that bi = 0. This 
probability is called p-value. In this study and applying this principle for b10 to b13, the 
calculated p-value is always inferior to 10-8, proving that the viscoelastic effect is always 
significant from a statistical point of view. 
The elastic part has the same shape as the one obtained with HST. Regarding the viscoelastic 
part, the amplitude of the effect is about 4 mm, which represents 20% of the elastic part. 
When looking at the viscoelastic effect, an observation is noticeable: for the lower water 
levels, the dam moves downstream when emptying. Only few observations at very low levels 
are concerned. This effect is due to the thermal heating of the upstream face of the dam when 
the water level is kept at a low level during a sufficient time. Indeed, in that case the effect of 
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the expansion of concrete is higher than the effect of the viscoelasticity of concrete, and 
consequently induces a global downstream movement. 
 
a) 

 

b) 

 

Figure 6: a) hydrostatic effect for HST with viscoelasticity b) viscoelastic effect 

 

 
Figure 7: Water level time series, raw data and corrected measurements 

 
Concerning the corrected measurements calculated by also removing the viscoelastic effect, 
Figure 7 illustrates the advantages of using viscoelasticity in the model. The calculated 
corrected measurements display a smooth linear irreversible trend, showing no constant value 
for the period 2005-2010. Indeed, the water level time series exhibit values that are greater 
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than usual over the period 2005-2010 (circled in Figure 7). This high level of water causes a 
delayed downstream movement which is not taken into account with the classical HST. 
Consequently, this delayed displacement tends to increase slightly the slope of the HST-
irreversible effect for the period 2005-2010 (See Figure 4). When the model accounts for 
viscoelasticity, the irreversible effect induces a linear irreversible tendency. 
Moreover, when looking at the standard deviation of residuals errors, it appears that it has 
reduced from 0.72 mm to 0.49 mm, which represents a decrease of 32%. 
This shows the capacity of the HST model with viscoelasticity to predict accurately 
displacements.  
When comparing the hydrostatic effect with and without viscoelasticity (Figure 3a and 6a), 
one can observe that the amplitude reduces from 24 mm to 20 mm by taking into account the 
delayed mechanical effects in concrete. This is due to the fact that the HST model tries to 
compensate the wrongly adjusted instantaneous hydrostatic effect by artificially increasing it. 
This is an important issue because in order to calibrate the Young’s modulus in dams finite 
element calculations, the hydrostatic effect is the one which is calculated with HST. 

5 Conclusion 
The improvement of HST by taking into account the viscoelasticity presents the two 
following main advantages: 

• The irreversible effect is determined more accurately, thanks to the reduction of the 
residuals. Besides, the knowledge of the behavior is enhanced. This improvement is 
particularly significant when analyzing data recorded under operating conditions that 
exacerbate the viscoelastic behavior of concrete. 

• When calibrating the finite element modeling of dam, it is more accurate to use the 
hydrostatic effect that is adjusted with the model including viscoelasticity.  

Another way to improve the prediction of monitoring measurements would be to take into 
account the real external temperatures. Some developments have been proposed in [5], and 
they should be combined with viscoelasticity in the future. 
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ABSTRACT:A key point in the FE simulations of the dynamic response of large dams is the careful 
selection of damping parameters. Parametric studies and parameter identification should be performed 
in order to obtain the most accurate prediction of the expected behavior of the real structure. The paper 
intends to provide an operative procedure to evaluate the Rayleigh damping coefficients for the rock 
mass foundation and for the structure of an arch-gravity dam model. Modal analyses is used to identify 
the natural frequencies at first of the rock mass and then of the dam structure, considering the rock as 
massless. Starting from significant natural frequencies and varying the critical damping ratio, different 
values of the Rayleigh damping coefficients can be evaluated. Linear elastic dynamic analyses are 
performed at first on the rock mass foundation and then on the whole dam-rock-water system, 
including fluid-structure interaction, under real seismic events. The comparison of the finite element 
results with the available dynamic monitoring data allows to identify the best value of the critical 
damping ratio for the rock mass and for the dam structure. The finite element model results and real 
records have been compared using Housner Spectrum Intensities and effective accelerations (RMS – 
root mean square – accelerations). The evaluation of damping parameters is the basis for any 
subsequent dynamic analyses. This paper is part of an ongoing research program focused on the 
detailed modeling of a real large arch-gravity dam, the Ridracoli dam located in the central Italy. 

1 Introduction 
Finite element models of large dams are essential tools to investigate the dynamic behavior of 
the system under real and design earthquakes. Depending on the constitutive models adopted 
for the dam and foundation rock materials, a key aspect in such a modeling task is typically 
represented by the appropriate selection of Rayleygh damping coefficients. Indeed, their 
values may affect significantly the results in terms of seismic performance indicators (i.e., 
amplitude of accelerations, velocities and displacements as well as response spectra at suitable 
control points).The parameter identification should concern both the structure, seen as a 
deformable body and the rock mass at the dam foundation. Indeed, ignoring the deformability 
of the rock mass in the dynamic analysis could result in significant overestimation of dam 
stresses [1,2]. Some recommendations about the critical damping percentage of dam systems 
are available in the literature [3,4,5]. In particular, values of critical damping ratios in the 
range between 1-7% and 5-20% have been suggested for concrete structures and rock masses, 
respectively [3,4]. However, these literature references provide only general indications, 
which could not be adequate for a specific dam. The present paper intends to provide an 
operative procedure to estimate separately viscous damping parameters for the rock mass and 
for the structure of a dam-foundation rock-reservoir water system, including water-structure 
interaction effects. To this purpose, modal analyses of two systems, i.e., a rock mass model 
and a full model with mass less rock mass, have been employed. The provided natural 
frequencies allow, adopting Rayleigh damping formulation, the evaluation, for different 
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critical damping percentage, of the damping parameters for the two systems. The rock mass 
model is tested first, varying the aforementioned damping parameters, under a real earthquake 
record by means of dynamic linear elastic analysis. Subsequently the same procedure is 
repeated on the complete model, including rock mass and fluid-structure interaction. Signals 
are compared in terms of accelerograms and response spectrums by effective accelerations 
(RMS – root mean square – accelerations) and Housner Spectrum Intensities [6], respectively. 
The proposed procedure is applied to a specific case study, the Ridracoli dam. This is an arch-
gravity dam located in the central Italy, constructed principally for drinkable water supply 
purposes, which has been subject to detailed monitoring under both static and dynamic 
conditions. The present paper is part of an ongoing research program focused on the detailed 
modeling of a dam system, and follows three previous contributions dealing with detailed 
geometrical characterization by means of unmanned aerial vehicle (UAV) surveys [7,8] and 
the subsequent three-dimensional reconstruction and preliminary validation of the model [9]. 

2 The Ridracoli dam 
The Ridracoli dam is an arch gravity dam located in central Italy, near the town of Santa Sofia 
(FC), and its principal use is the drinkable water supply to 48 municipalities in the provinces 
of Forlì-Cesena, Ravenna, Rimini and, since 1989, of the San Marino Republic. It has a 
double curvature structure and dimensions of 103.5m in height and 432m along the crown. 
The dam behavior is continually inspected by means of a static and dynamic monitoring 
system that includes more than 900 sensors and measurement points [10]. For the current 
study, the records of some of the accelerometers of the dynamic monitoring system have been 
considered. The seismic motion at the foundation rock is recorded by an accelerometer 
located near the left side of the dam, at the same level of the crest, point B, and in the 
foundation rock at 40m depth, point A (see Fig.1). The structural response is monitored by 
two accelerometers placed near the foundation base, point D, and near the crest of the dam, 
point C (Fig.1). The dynamic monitoring system includes a seismometer that acquires all 
seismic events. It triggers the entire seismic monitoring system when the recorded 
acceleration time-history at the crest exceeds 0.2 m/s2 along the upstream-downstream 
direction. 
Recently, the Ridracoli dam has been the object of a detailed topographic survey, carried out 
with both traditional topographic techniques and more recent UAV photogrammetric methods 
[7]. Based on the results of this survey, together with the available data on the design 
geometry, a DEM of the area and the bathymetry of the lake, a high-fidelity 3-d FE model has 
been constructed for the dam-rock foundation and reservoir system (Fig. 2a,b).The model has 
been constructed using the commercial FE platform Abaqus Standard®. Four-noded trilinear 
tetrahedral elements C3D4 are used to discretize the rock mass volume and the concrete 
structure. Acoustic four-noded linear tetrahedral elements AC3D4 are employed for the water 
reservoir volume. Both the rock mass and the concrete structure have been considered as 
homogeneous and linear elastic. The mechanical properties of the rock mass and the concrete 
have been derived from the results of geophysical investigations and from the available 
technical reports on the site investigation carried out before the construction of the dam 
(Tab.1) [11]. The model has been previously calibrated comparing the natural frequencies 
with the ones provided by acceleration time-history records (PSD – Power Spectral Density – 
function) and by forced vibration tests performed in 1987 [9]. 
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Figure 1: The Ridracoli dam: accelerometers positions.

Figure 2: Finite element model of the Ridracoli dam. a) complete model
application point (1) and the seismic response 

Table 1: Mechanical properties of rock mass, 

 E’ 
(kPa) 

Eu 
(kPa) 

Rock 
Mass 4.80∙107 2.17∙107 

Concrete - - 
Water - - 

 

3 Rayleigh Damping Parameters 
The dynamic response of linear elastic systems does 
mechanism such as viscous or plastic dissipation
the always present material damping could be incorpor
suitable damping forces, proportional to the nodal velocities. In this way, the 
motion for the spatially discretized system
written as, 

where, q is the vector of nodal displacements
K is the stiffness matrix and F

: The Ridracoli dam: accelerometers positions. In red the accelerometers positions.

: Finite element model of the Ridracoli dam. a) complete model, in red the seismic 
application point (1) and the seismic response acquisition points (2,3) b) zoom on the dam 

structure. 

Mechanical properties of rock mass, concrete and of water.

Es 
(kPa) 

Ed 
(kPa) 

G’ 
(kPa) 

Gu 
(kPa) ν 

 - - 1.92∙107 8.70∙106 0.25

3.07∙107 3.97∙107 - - 0.20
- - - - - 

Damping Parameters  
linear elastic systems does not include any 

viscous or plastic dissipation. In realistic simulations of real structures, 
the always present material damping could be incorporated in a FE model by means of a 
suitable damping forces, proportional to the nodal velocities. In this way, the 

the spatially discretized system, under external time dependent forces, can be 

M q+C q+Kq = Fext (t)  

nodal displacements, M is the mass matrix, C is the damping matrix
Fext(t) is the vector of the nodal external forces.

 
In red the accelerometers positions. 

 
, in red the seismic 

b) zoom on the dam 

concrete and of water. 

 ρ 
(t/m3) B (kPa) 

0.25 2.635 - 

0.20 2.470 - 
 1.000 2.15∙106 

any energy dissipation 
In realistic simulations of real structures, 

ated in a FE model by means of a 
suitable damping forces, proportional to the nodal velocities. In this way, the equations of 

, under external time dependent forces, can be 

(1) 

is the damping matrix, 
forces. 
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In order to decouple the equation of motion, the damping matrix can be defined according to 
the Rayleigh formulation, as a linear combination of the mass and stiffness matrices: 

C =aM + bK  (2) 

where, α is the Rayleigh damping coefficient taking into account mass proportional damping 
(effective on lower frequencies) and β is the Rayleigh damping coefficient taking into account 
stiffness proportional damping (effective on higher frequencies). 
Upon modal decomposition, eq. (2) can be written for the k-mode as: 

z k =
a

2w k

+
bwk

2  
(3) 

where, ζk is the fraction of critical damping for the mode k and ωk is the natural frequency for 
the mode k. The determination of coefficients α and β can be performed imposing the same 
damping ratio for two modes zzz == ji and applying two times eq. (3): 

a =
2w iw j

w i +w j

z b =
2

w i +w j

z

 

(4) 

Abaqus® allows to assign damping parameters α and β as a material property [12].  

3.1 Rock mass damping parameters  
The finite element model of the rock mass is rigidly constrained at the base, placed at a depth 
of 150m (1.5 times the dam height) from the dam bottom, and at the vertical cylindrical 
external boundary, with a radius of 500m (5 times the dam height, Fig. 2a). The mechanical 
characteristics of the rock are reported in Table 1. In this phase of the calibration procedure, 
rock density is taken into account. A modal analysis of the system provides the natural 
frequencies and, starting from these, the coefficients α and β can be derived for different 
values of damping ratio ζ (Tab. 2). In order to minimize the total error on the other modes, the 
frequencies of the first and the second modes are employed into the evaluation.   

3.2 Dam structure damping parameters  
The natural frequencies of the dam structure, composed of the dam body and the foundation 
rock, are evaluated by means of a modal analysis performed on a FE model of the dam-
foundation rock structure, considering the rock as a mass less material and assuming an empty 
reservoir. This allows to extract the dynamic properties of the dam structure alone, yet 
including the effects of the rock mass deformability. The mechanical characteristics of the 
concrete and of the rock are reported in Table 1. Starting from the natural frequencies, the α 
and β coefficients can be derived for different values of damping ratio ζ (Tab. 3). In order to 
minimize the damping total error on the other modes, the frequencies of the first and the 
fourth modes are employed into the evaluation.   

4 Response time-history accelerograms comparison 
Linear elastic dynamic analyses are performed at first on the rock mass FE model and then on 
the FE model of the whole dam system, including fluid-structure interaction, under real 
seismic events. The comparison of the finite element model results with the dynamic 
monitoring data allows to identify the best value of the damping ratio for the rock mass and 
for the dam structure.  
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Table 2: Modal analysis results of the rock mass FE model. 

Rock mass finite element model 
Frequencies  Damping parameters 

mode f (1/s)  ζ α (1/s) β (s) 
1 3.49  0.05 0.1780 0.0140 
2 3.63  0.06 0.2136 0.0168 
3 3.80  0.07 0.2492 0.0197 
4 4.21  0.08 0.2848 0.0225 
5 4.23  0.09 0.3204 0.0253 
6 4.39     
7 4.50     

 
Table 3: Modal analysis results of the FE model of the dam structure. 

Dam structure finite element model 
Frequencies  Damping parameters 

mode f (1/s)  ζ α (1/s) β (s) 
1 3.31  0.005 0.0205 0.0012 
2 3.32  0.010 0.0410 0.0023 
3 4.47  0.020 0.0820 0.0046 
4 5.38     
5 6.59     
6 7.41     
7 7.88     

 
The agreement between the real records and the computed time histories is estimated on the 
basis of response signal accelerograms and of the consequent spectra. Accelerograms are 
compared by means of the effective acceleration, defined as, 


=

=
n

i
irms a

n
a

1

21

 
(5) 

where, 
ai, is the i-th acceleration time-history.   
arms can be defined for a whole accelerogram record or for a generic time period Δt. 
Moreover, the effect of an earthquake on a structure can be described by the Spectrum 
Intensity of Housner, that is defined as the area under the velocity response spectrum curve 
SV, function of the relative damping ζ and of the fundamental period without damping T of a 
single degree of freedom system, between the periods 0.1 and 2.5 seconds [6,13], 
 

 dTTSI
s

s

VH =
5.2

1.0

, . (6) 

 
The interval 0.1s≤T≤2.5s allows to take into account, in the intensity evaluation, the main 
effects of earthquakes on civil structures. 

4.1 Real records 
The dynamic calibration employs real seismic records. The Ridracoli dam, as previously 
mentioned, has four accelerometer positions (Fig.1). The free-field motion, without the 
influence of the structure, can be acquired by position A in the foundation rock at 40m depth. 
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The motion at the base of the structure, at ground le
position C records the structure response at the crowning level on the main section.
elastic dynamic analyses have been performed applying at the base area of the model
level of position 1 (Fig.2a), 
upstream-downstream direction during the representative seismic event occurred on 
26/01/2003. The water level during the earthquake was 557.3m a.s.l..
characteristics are: 4.3 of Local Magnitude
depth 6.5Km and maximum dam crest acceleration
downstream direction of  0.357 m/s
the ones recorded by positions D and C (Fig.1), respectively in the rock mass model and in 
the complete model. In order to validate the damping parameters values, linear elastic 
dynamic analyses are performed under another significant seismic event occurred on 
04/06/2011. The water level during the earthquake was 
characteristics are: 3.3 of Local Magnitude (M
depth 9.2Km and maximum dam crest acceleration
downstream direction of  0.305

4.2 Calibration of the rock mass finite element model
Linear elastic dynamic analyses of the rock mass finite element model are performed for each 
of the five pair of values α 
seismic free-field motion, as previously mentioned
is uniformly applied at the base area of the FE model along the upstream
direction. The simulated motion extracted at position 2 (Fig.2a) 
recorded by means of accelerometer placed in position D (Fig.1). An extract of 
motion and the simulated ones
damping ratio, is reported in Figure 3. More
acceleration SA for the same signals.
A damping ratio of 5% (α=0.1780
simulated response signal at the ground level and the recorded one. A quantitative comparis
is provided by the effective acceleration and by the Spectrum Intensity of Housner (Tab.4). 
Both parameters agree the best damping 
is 0.05. As previously mentioned, a further dynamic analysis is perf
base area of the rock mass model the seismic input of the earthquake occurred on 
Table 5 confirms the accordance in terms of effective acceleration and Spectrum Intensity of 
Housner of the ground level record
 

Figure 3: Accelerograms of the ground level 
of the simulated signals

motion at the base of the structure, at ground level, is acquired by position D. Finally, the 
position C records the structure response at the crowning level on the main section.
elastic dynamic analyses have been performed applying at the base area of the model

, the free-field motion recorded by accelerometers A along the 
downstream direction during the representative seismic event occurred on 

The water level during the earthquake was 557.3m a.s.l.. 
Local Magnitude (ML), epicenter distance of 

depth 6.5Km and maximum dam crest acceleration time-history along the upstream
downstream direction of  0.357 m/s2.Subsequently, the simulated motion

d by positions D and C (Fig.1), respectively in the rock mass model and in 
the complete model. In order to validate the damping parameters values, linear elastic 
dynamic analyses are performed under another significant seismic event occurred on 

The water level during the earthquake was 551.8m a.s.l.. 
Local Magnitude (ML), epicenter distance of 11.7Km,

maximum dam crest acceleration time-history along the upstream
0.305 m/s2.   

Calibration of the rock mass finite element model 
inear elastic dynamic analyses of the rock mass finite element model are performed for each 

 and β, corresponding to different damping ratio
as previously mentioned, recorded on 26/01/2003 at the A position 

is uniformly applied at the base area of the FE model along the upstream
direction. The simulated motion extracted at position 2 (Fig.2a) is compared with the real one 
recorded by means of accelerometer placed in position D (Fig.1). An extract of 
motion and the simulated ones in terms of accelerations time-history, for different values of 
damping ratio, is reported in Figure 3. Moreover in Figure 4 are plotted the spectral 

for the same signals. 
0.1780 and β=0.0140) allows the best accordance between the 

simulated response signal at the ground level and the recorded one. A quantitative comparis
is provided by the effective acceleration and by the Spectrum Intensity of Housner (Tab.4). 
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Figure 4: Spectral response accelerations of the ground level record (26/01/2003), acquired at 
position D, and of the simulated signals for different damping ratios (5%, 6%, 7%, 8%, 9%). 

 
Table 4: Effective accelerations aRMS and Spectrum Intensity of Housner IH of the ground 

level record (26/01/2003) and of the simulated signals for different damping ratios (5%, 6%, 
7%, 8%, 9%). 

Rock mass finite element model 
 Record 0.05 0.06 0.07 0.08 0.09 

aRMS(m/s2) 0.0155 0.0137 0.0131 0.0126 0.0123 0.0119 
IH (m) 0.0124 0.0096 0.0093 0.0092 0.0090 0.0089 

 
Table 5: Effective accelerations aRMS and Spectrum Intensity of Housner IH of the ground 

level record (04/06/2011) and of the simulated signal for 0.05 of damping ratio. 

Rock mass finite element model 
 Record 0.05 

aRMS(m/s2) 0.0045 0.0052 
IH (m) 0.0042 0.0044 

4.3 Calibration of the complete dam system finite element model 
Linear elastic dynamic analyses of the complete dam system FE model are performed for each 
of the three pair of values α and β, corresponding to different damping ratio of the structure 
concrete (Tab.3). The rock mass is taken into account with a damping ratio equal to 0.05, as 
previously calibrated. The fluid-structure interaction is included by means of acoustic 
elements. The same water level, present at the time of the occurred earthquake (26/01/2003), 
is simulated into the dynamic analyses (557.3m a.s.l.). Applying the seismic input motion at 
the base area of the model at position 1, the simulated structure responses acquired at position 
3 (Fig.2a) are compared with the real record measured by the accelerometer located in 
position C (Fig.1). An extract, including the maximum acceleration time-history peak, of the 
real motion and the simulated ones in terms of accelerations time-history along the upstream-
downstream direction, for different values of damping ratio, is reported in Figure 5. Moreover 
in Figure 6 are plotted the spectral accelerations SA for the same signals. A critical damping 
fraction of 2% (α=0.0820 and β=0.0046) allows the best accordance between the simulated 
response signal at the crowning level and the recorded one. A quantitative comparison is 
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provided by the effective acceleration and by the Spectrum Intensity of Housner (Tab.6). Both 
parameters agree the best critical damping fraction for the structure concrete is 0.02.  
As previously mentioned, a further dynamic analysis is performed applying at the base area of 
the rock mass model the seismic input of the earthquake occurred on 04/06/2011. Table 7 
confirms the accordance in terms of effective acceleration and Spectrum Intensity of Housner 
of the crowning level record and the simulated signal with a damping ratio of  0.02.    
 

 
Figure 5: Accelerograms extracts of the crowning level record (26/01/2003), acquired at 

position C, and of the simulated signals for different damping ratios (0.5%, 1%, 2%). 

  

 
Figure 6: Spectral response accelerations of the crowning level record (26/01/2003), position 

C, and of the simulated signals for different damping ratios (0.5%, 1%, 2%). 
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Table 6: Effective accelerations aRMS and Spectrum Intensity of Housner IH of the crowning 
level record (26/01/2003) and of the simulated signals for different damping ratios (0.5%, 1%, 

2%). 

Complete finite element model 
 Record 0.005 0.010 0.020 

aRMS(m/s2) 0.1509 0.1882 0.1705 0.1444 
IH (m) 0.0530 0.0692 0.0623 0.0518 

 
Table 7: Effective accelerations aRMS and Spectrum Intensity of Housner IH of the crowning 

level record (04/06/2011) and of the simulated signal for 0.020 of damping ratios. 

Complete finite element model 
 Record 0.020 

aRMS(m/s2) 0.0741 0.0680 
IH (m) 0.0424 0.0350 

5 Conclusions 
Damping parameters evaluation is a fundamental aspect of finite element modeling and values 
are given by general literature indications very often. Large structures such as dams need a 
careful characterization of this aspect. The present paper aims at providing an operative 
procedure to identify, firstly, the damping ratio of the rock mass FE model and, secondly, of 
the structure FE model. Modal analyses of the two systems provide the natural frequencies 
required for the evaluation of α and β damping parameters. By means of linear elastic 
dynamic analyses, the best accordance between real and simulated signals for the rock mass is 
given by a 0.05 of critical damping ratio. It is a low damping level looking at the range 
provided by literature. It should be taken into account that the free-field motion is recorded at 
40m depth, in position A (Fig.1), and the same signal is employed as input of the FE model at 
150m depth, in position 1 (Fig.2a). Therefore the signal in the FE model, in order to reach the 
ground level, has to travel for a distance longer than the reality. Since this, the estimated 
damping ratio for the rock mass can appear low in relation to the usual real values. However 
the rock mass FE model is rightly calibrated, the simulated signal at the ground level is in 
accordance with the recorded one in terms of effective value of acceleration and Spectrum 
Intensity of Housner. Similarly, employing the calibrated damping ratio for the rock mass, the 
whole FE model of the dam system is in accordance with the real records adopting, as a 
material property of the concrete structure, a damping ratio of 0.02. The complete FE model 
of the Ridracoli dam, just calibrated, allows to reproduce the real behavior of the structure 
under seismic input motion, the simulated signals are in accordance in terms of maximum 
accelerations time-history and frequencies with the real records. A further development of the 
model will concern the influence in the structure modeling of contraction joints. They play a 
key role in the dynamic behavior of dams structures: dynamic properties of a structure change 
taking into account a monolithic, surface to surface joints or even solid element joints 
representation. 
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ABSTRACT: The Janneh dam is a 157 meter-high arch-gravity RCC dam currently under 
construction in Lebanon. Since its stability relies partly on the arch effect, the monolithism of the dam 
must be guaranteed at any time. Without any post-cooling provisions, the evolution of thermal-
induced stresses is therefore of great concern. Consequently, thermo-mechanical analyses have been 
carried out in order to (i) assess the overall stability of the dam from the construction to 30 years after 
the first impounding, and (ii) to define construction provisions.  
The 3D numerical model involves non-linear interfaces at the contact between RCC and bedrock and 
at the location of vertical joints, where shear keys are also taken into account. Mechanical conditions 
also include concrete hardening and the annual reservoir level variation. The thermal behaviour of the 
dam is calculated with respects to the annual variations of the environment temperature, the RCC mix 
and the construction program. The influence of the commencement date is examined. Suitable 
representations are used to evaluate the behaviour of the dam, which is found satisfactory. The results 
show that the construction provisions can be limited to a few transverse vertical joints equipped with 
shear keys and a grouting system to be used, if needed, only once the concrete has cooled down. The 
drainage galleries and the grout curtain are positioned in relation to the calculated contact opening, in 
order to exclude any excessive leakage and manage the pore-pressure distribution. 

1 Introduction 
The stability of concrete arch-dams mainly relies on the arch effect. The monolithism of these 
dams must therefore be guaranteed from the first impounding. 
The dissipation of the cement hydration heat tends to generate thermal-induced tensile 
stresses inside the dam. These tensile stresses may lead to cracks which can alter the 
monolithism of the dam.  
To deal with thermal issues, Conventional-Vibrated Concrete (CVC) arch-dams are built by 
means of independent blocks and are usually provided with a post-cooling system which 
dissipates the cement hydration heat. At the end of the construction, the concrete has thus 
cooled down. Joint grouting is then performed, generally during winter, in order to achieve 
the monolithism before impounding. 
Roller-Compacted Concrete (RCC) dams are built by means of subsequent layers. Induced 
vertical contraction joints are used in order to localize the potential thermal cracking. Without 
post-cooling provision, the dissipation of the hydration heat may last decades. Consequently, 
contraction joints are mostly closed during the first years and the dam is monolithic. In the 
long term however, an opening of the joints is expected. This is not an issue for gravity dams 
since arch continuity is not necessary for the stability of the dam and since waterstops are 
provided to control the potential leakage. Though, for arch-gravity and arch dams, such 
opening may alter the monolithism and the long-term stability of the dam is questionable. 
The assessment of the histories of temperature and thermal-induced stresses is therefore an 
important issue for an RCC arch-gravity dam. Thermo-mechanical calculations must be 
carried out in order to evaluate the stability of the dam from the beginning of the construction 
until a steady state is reached. The need for specific construction provisions must then be 
defined according to the conclusions of the calculations. 
The Janneh dam is an RCC arch-gravity dam under construction. The methodology and the 
main conclusions of the thermo-mechanical analysis of this dam are presented in this paper. 
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2 Short description of the Janneh dam 
The Janneh dam is a 157 meter-high arch-gravity RCC dam currently under construction in 
Lebanon for water provision and hydropower.  
The dam is provided with a converging excavation toward downstream in order to avoid any 
overall sliding (Figure 1). 

Table 1: Main dimensions of the Janneh dam 

Dimension Value 
Maximum height above the bedrock 157 m 
Maximum thickness 66 m 
Curvature radius 240 m 
Concrete volume 1.4 Mm3 

 

 
Figure 1: Cross-section in the central block (left) – plane view (right) 

The dam is provided with 5 vertical joints built by means of formworks and equipped with 
grouting provisions and shear keys. 
The Normal Water Level is set at 839 m.a.s.l. The operation mode is such that the reservoir is 
lowered to the elevation 760 m.a.s.l. (referred to as Low Water Level) every year. 

3 Numerical model 

3.1 Numerical formulation 
The calculations are performed by means of FLAC3D developed by Itasca. This explicit finite 
difference code is especially able to perform simulations with strong non-linearity. 

3.2 Geometry 
The model comprises the dam and a part of the surrounding bedrock. The foundation extends 
1.5 times the height of the dam in every direction (Figure 2). In order to simulate its 
progressive construction, the dam is divided into 3 meter-high horizontal layers. A separate 
model is carried out in order to define the equivalent thermal transfer between the modelled 3 
meter-thick layers and the actual 30 centimeter-thick ones. 

 
Figure 2: Model geometry (left) – Horizontal layers (right) 
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The model is provided with two kinds of non-linear interfaces simulating (Figure 3): 
1. The contact between the RCC and the bedrock; 
2. The 5 vertical contraction joints equipped with shear keys. 

 
Figure 3: RCC/bedrock interface (left) – Vertical joints interfaces (right) 

4 Mechanical assumptions 

4.1 RCC and bedrock 
In the model, the RCC and the bedrock are provided with a linear-elastic constitutive law. The 
used mechanical properties of the materials are as follows. 

Table 2: Mechanical properties of the materials 

Property Unit RCC  Bedrock 
Specific weight kN/m3 24 28 
Long-term Young’s modulus GPa 20 25 
Poisson’s ratio - 0.2 0.25 

 
Concrete hardening is taken into account in the model. The evolution of the Young’s modulus 

𝐸𝑐 with respect to the age of the concrete t is such as (Conrad et al., 2005): 
 

𝐸𝑐(𝑡) = 1.129𝐸𝑐,∞ exp(−5.0𝑡−0.63) (1) 
 
Where 𝐸𝑐,∞ is the 365-day long term Young’s modulus of the concrete, which is assumed to 
be the final value. 

4.2 Non-linear interfaces 
The RCC/bedrock interface and the interfaces at the vertical joints follow a Coulomb friction 
constitutive law with a tensile strength equal to zero. They are therefore able to open and 
slide. They are also able to close previously open regions in case of reverse loading. 
The vertical interfaces are moreover provided with shear keys running from the bottom to the 
top of the dam which prevent any relative radial displacement between two adjacent blocks. 
The mechanical characteristics of the interfaces are summarized hereunder. 

Table 3: Mechanical properties of the interfaces 

Property Unit RCC/bedrock Vertical joints 
Friction angle ° 45 45 
Cohesion MPa 0.3 0 
Tensile strength MPa 0 0 
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5 Thermal conditions 

5.1 Thermal transfers 
The evolution of temperature in the dam and in the foundation is governed by different 
thermal phenomena referring to heat generation and transfer (Figure 4).  

 
Figure 4: Thermal phenomena during the construction of the dam 

The amount of heat involved in each thermal transfer depends on three parameters that are 
examined in the following. 

5.2 Thermal environment 
The air and water temperatures used in the model are approximations of the daily 
temperatures measured on the site of the dam (Figure 7). 
The solar radiation is taken into account by means of an additional temperature increment on 
the most exposed face of the dam. 

5.3 Thermal properties 
In the model, RCC and bedrock are provided with a thermal isotropic constitutive law. 
The RCC mix includes 80 kg of cement and 70 kg of pozzolanic material per cubic meter of 
concrete. The thermal properties of the mix are determined in accordance with the properties 
of each constitutive material. 

Table 4: Thermal properties of the materials 

Property Unit RCC Bedrock 
Conductivity W.m-1.K-1 2.93 3.4 
Specific heat J.kg-1.K-1 920 950 
Coefficient of thermal expansion K-1 10.10-6 8.10-6 

 
One of the main thermal parameters is the hydration heat of the cement since it governs the 
rise of temperature in the concrete during cement hydration. A cement with a low hydration 
heat (220J/g) is used (Figure 6). The resulting adiabatic rise of temperature is 8°C.  

 
Figure 6: Hydration heat of the cement 
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5.4 Placement conditions 
It is assumed that the construction lasts about 22 months with a constant construction rate of 
25cm per day, which is a good approximation of the actual construction programme.  
The commencement date set in the project specifications is in winter, on February, 1st. 
However, in order to evaluate the influence of a beginning in summer, calculations are also 
carried out with a commencement on August, 1st.  
The placement temperature of the RCC is calculated according to the annual variation of 
temperature of the constitutive materials (cementitious material, water and aggregates). With 
the used assumptions, the placement temperature is almost constant around 18°C (Figure 6).  

 
Figure 6: Air, river and placement temperature vs. time 

6 Hydro-mechanical assumptions 

6.1 Pore pressures 
Pore pressures are considered as variables of the elements in the model. Calculations are thus 
carried out under effective stress state. At any time, the pore pressure distribution is calculated 
in accordance with the drainage system and the evolution of the upstream water level. 

6.2 Pressurization of the interfaces 
It is assumed that at the contact between RCC and bedrock and at the vertical joints, the 
permeability criterion is 0.2 mm of opening. This value is adopted since (i) below 0.2 mm, the 
leakage appears to be very low when calculated with enriched cubic law of seepage in 
fractured media, (ii) a crack with such a low value of width tends to be sealed by fine 
materials, (iii) the value of 0.2 mm is the allowable value of crack opening according to the 
Eurocodes for reinforced concrete watertight structures. 
As soon as the opening at an interface element exceeds 0.2 mm, hydrostatic pressure is 
applied on both sides of the interface. The contact between RCC and bedrock can be 
pressurized by the reservoir or by the downstream plunge pool, depending on the location of 
the opening (Figure 8). The vertical joints can only be pressurized by the downstream plunge 
pool, since they are provided with waterstops on their upstream side. 

 
Figure 7: Pressurization of the interfaces where the opening is higher than 0.2 mm 
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7 Calculation methodology 

7.1 Calculation sequence 
The calculations aim to simulate as accurately as possible the real thermo-mechanical 
behaviour of the dam during its 32 first years including its construction. 
The dam is progressively constructed by means of a successive activation of the 3 meter-high 
horizontal layers. The Young’s modulus of the concrete as well as the heat generation varies 
with time in accordance with the age of the placed layer. 
The water level is managed in accordance with the project specifications and with the 
drawdown cycles required by the reservoir operation (Figure 8). 

 
Figure 8: Evolution of the upstream water level 

7.2 Thermo-mechanical coupling 
Temperatures and stresses are subsequently computed by means of a series of alternations 
between thermal and mechanical calculations. Thermal calculations aim to determine the 
temperature distribution at a given date. Thermal-induced stresses are computed during 
mechanical calculations using the Hooke’s law, presented here in its 1D simplified 
formulation.  
 

𝜎 = 𝐸𝜀 = 𝐸𝛼∆𝑇 (1) 
 
Where 𝛼 is the coefficient of thermal expansion, ∆𝑇 is the temperature change between two 
mechanical calculations and 𝐸  is the Young’s modulus of the material. The thermo-
mechanical coupling is illustrated on Figure 9. 

 
Figure 9: Thermo-mechanical coupling 
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8 Results 

8.1 Temperature analysis 
As expected, the temperature first increases because of cement hydration and then decreases 
during the cooling stage until a steady state is reached after 20 to 30 years (Figure 10). 
The maximum temperatures calculated (about 26°C) are rather low with respects to the values 
usually recorded in RCC dams of the same dimensions. This is due to very favourable 
environment temperature conditions, very low heat cement and low cement content in the 
mix. Nonetheless, the maximum temperature drop is about 13°C after 30 years, which would 
lead to a thermal-induced tensile stress of 2.6 MPa if the deformation was not allowed. This 
would lead to a significant cracking, since the tensile strength of the concrete is 1 MPa. 

 
Figure 10: Temperatures (°C) in the central block for a commencement in winter 

8.2 Stress analysis 
The analysis of the principal stresses reveals that tensile stresses are well released in the 
vertical joints. After 30 years for a commencement in winter, only a few zones mostly located 
at geometrical singularities do not meet the tensile criterion. For a commencement in summer 
however, a significant amount of zones exhibit high tensile arch stresses (Figure 11). These 
zones are mostly located in the central part, in the regions that were placed in summer. 
It appears that the spacing of the vertical joints may be too high to complete the relaxation of 
every thermal-induced tensile arch stress in every situation. Therefore, specific construction 
provisions are considered: 

• Intermediate post-constructed vertical joints; 
• Post-cooling pipes if the commencement date is to be in summer. 

 
Figure 11: Major principal effective stresses > 1MPa after 30 years at Low Water Level 

Commencement in winter (left) - Commencement in summer (right) 

668



8.3 Analysis of the vertical joints 
Any tensile arch stress is converted at the vertical joints into joint opening. The location of the 
opened zones depends on the commencement date. They are located where the thermal 
shrinkage is the highest, i.e. in the regions that were placed in summer. 
At NWL, seepage is not at stake since the extension of joint opening is limited by the arch 
effect, as long as the drainage galleries are placed out of the opened regions of the 
RCC/bedrock interface. At LWL however, openings are wider and cross the dam at several 
locations after 30 years (Figure 12). Therefore, waterstops have to be provided on the 
upstream part of the joints. Additionally, the results show that joint grouting is not possible at 
the end of the construction since vertical joints are closed due to thermal expansion (Figure 
12). Joint grouting is only worth considering after 20 or 30 years. 

 

 

 
Figure 12: Joint opening for a commencement in winter 
End of construction (top) - LWL after 30 years (bottom) 

8.4 Analysis of the contact between RCC and bedrock 
The RCC/bedrock interface is first analysed in terms of contact opening (Figure 13). The 
results show that the behaviour of the dam is rather symmetrical from one bank to the other.  
At NWL, openings are mostly restricted to the upstream part of the banks, owing to the 
divergent shape of the contact at this location. 
The drainage galleries and the grout curtain are moved back on the banks, in order to avoid 
excessive leakages and manage the pore pressure distribution. 
 

 

 

 
Figure 13: Contact opening at NWL after 30 years for a commencement in winter (top) 

Location of the drainage galleries (bottom right) 
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The mechanical stability of the dam is finally evaluated using a representation of the stress 
state at the RCC/bedrock interface (Figure 14). At a given location: 

• The 3D vector represents the norm and the direction of the average shear stress; 
• The radius of the disk represents the average shear strength 𝜎𝑛,𝑎𝑣𝑒𝑟𝑎𝑔𝑒

′ . 𝑡𝑎𝑛(𝜑)  +  𝑐; 
• The disk is oriented in accordance with the average orientation of the contact so as to 

visualise the orientation of the normal stress. 
The ratio between the radius of the disk and the norm of the vector gives the sliding factor at 
the given location. If the shear strength is reached by the shear stress (margin equal to 1), a 
local sliding is triggered. Such behaviour occurs only near the opened region of the 
RCC/bedrock interface, i.e., where the normal stresses are low (near the upstream region).  
On the presented figure, the overall sliding factor is about 1.9. This factor is actually 
sufficient in every calculated situation. Here, contrarily to gravity dams, the stresses 
reorganize owing to the hyperstaticity of the dam and a new equilibrium is reached if any 
local sliding occurs. 

 
Figure 14: Stress state at the contact at NWL after 30 years for a commencement in winter 

According to the 3D vectors, the potential local sliding is oriented towards the centre of the 
valley. Therefore, such sliding is mechanically impossible: the dam behaves as a wedging 
plug. 

9 Conclusions 

9.1 General behaviour 
The thermo-mechanical analysis of the dam at different dates and different water levels has 
revealed that the overall stability is not at stake. There is no overall sliding.  
The need for vertical joints in order to localise the vertical cracks resulting from long-term 
thermal shrinkage has been validated. 
The calculations have highlighted the influence of the commencement date, regarding in 
particular the thermal-induced stresses and the joint opening. This influence is noticeable even 
if the placement temperature is almost constant. For the planned commencement date 
(winter), the designed joint layout is able to prevent random cracking in the dam body.  

9.2 Thermo-mechanical construction provisions 
In accordance with the conclusions of the calculations, the Janneh dam will be provided with 
5 master joints crossing from upstream to downstream (Figure 15).  
These joints will be constructed using small formworks before placing the RCC. In the 
vicinity of the formworks, enriched RCC will be used. The shear keys will be created by the 
layout of the mentioned formworks. An upstream waterstop will be also placed down to the 
toe of the dam to prevent any leakage in case of transverse joint opening at Low Water Level. 
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The master joints will be provided with a grouting system so as to increase the arching and 
reduce the contact opening at the RCC/bedrock interface. According to the calculations, the 
grouting will only be operated, if necessary, when the dam has cooled down sufficiently, i.e. 
after 20 to 30 years. 
In order to localize any potential remaining cracks, crack inducers will be placed on the 
upstream face between each master joint (Figure 15).  

 
Figure 15: Joint pattern 
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ABSTRACT: Double curvature arch dams feature geometrical complexity with a significant amount 
of parameters involved. Different criteria exist to assist in the design task, from simplified geometrical 
approaches to optimization procedures. However, most of them present a lack of flexibility and are not 
integrated in computer-aided design tools. 
In this contribution, an interactive and flexible software tool is presented to support the complete 
design process: geometrical definition, FEM model generation (including the mesh, the loads and the 
boundary conditions) and thermo-mechanical analysis. 
The design can be performed with different levels of detail to adapt to the information available in 
each stage of the project. The tool allows defining the shape of the reference cylinder, the excavation 
depth and slope along the foundation, the crown cantilever thickness and curvature, the shape and 
location of horizontal arcs; all these steps were described in former contributions. Here, special 
attention is paid to the introduction of additional features such as joints, spillways, abutments of 
varying shape and outlet works. All steps have been defined with a high degree of flexibility in the 
design process.  
The tool is integrated with the pre and post process software GiD, which allows taking advantage of its 
functionalities, such as mesh generation and results analysis. It is also coupled with a specific 
application for thermo-mechanical analysis of dams, developed in Kratos Multiphysics – a framework 
for building parallel multi-disciplinary simulation software. The whole design process can be followed 
in a unique environment, because the structural response of preliminary designs can be computed and 
the results considered to refine the dam geometry. 

 

1 Introduction  
Arch dams are more efficient than other typologies in terms of structural behavior. Unlike 
gravity or rock fill dams, which resist the hydrostatic load mostly by means of their weight, 
arch dams distribute part of the load to the abutments, which allows reducing the necessary 
volume of concrete. 
 
This higher efficiency implies a greater complexity: On the one hand, their structural 
verification requires three-dimensional models, and on the other, their design is more 
complicated. The development of the finite element method (FEM) allowed performing their 
structural analysis, which can be done with different software tools. However, design 
continues to be fundamentally based on rules of good practice and past experience, a process 
that is clearly susceptible to improvement. 
 
Reference documents in engineering practice contain useful design criteria [1], [2], though 
they do not take advantage of the possibilities of computer-aided design. Recently, the United 
States Bureau of Reclamation (USBR) has published a design manual including a spreadsheet 
for a simplified design [3], but it can only be applied to dams with circular axe.  
 
The topic aroused interest of the community: Goulas [4] presented an application to assist in 
the design of arch dams compatible with the FEM code DIANA [5]. 
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In this context, we are working on a software tool for automatizing the whole process of 
design and verification of double-curvature arch dams. It includes functionalities for defining 
the geometry in an interactive way. It is integrated in the pre and post process software GID 
[6] and coupled to “DamApp”, an in-house developed code for thermo-mechanical 
computation of dams. The latter is one of the applications of the open-source environment 
Kratos Multiphysics [7], [8], which has been previously employed for the structural analysis 
of arch dams [9], [10], [11]. Once the FEM model has been created and the calculation 
performed, the design can be modified in view of the results and the process repeated until the 
problem constraints are fulfilled.  
 
The first version of the application was described in a previous work [12]. Here, we briefly 
describe the most relevant features and present some new functionalities implemented. They 
correspond to additional features such as monolithic joints, spillways, abutments of varying 
shape and outlet works. 

2 Methods 

2.1 Model geometry 
As mentioned before, the tool is integrated in the software GID. Once the topography of the 
dam site has been loaded, the main steps to be followed are: 
 
1. Definition of the elevation of (a) crest and (b) lowest point in the foundation. 
2. Selection of the guideline curve for the reference cylinder. In the current version, it can be 

either a parabola or an ellipse. It should be noted that most circular arcs can be 
approximated with ellipses with enough accuracy, if necessary. 

3. Introduction of the excavation depth, which can be different for different sectors of the 
foundation. 

4. Generation of the reference cylinder and computation of its intersection with the ground 
topography 

5. Definition of the crown cantilever. Initially, the preliminary design proposed by the USBR 
[3] is drawn; it can be modified afterwards. 

6. Selection of lines of centers for the curves defining the upstream and downstream faces at 
ten equally spaced elevations between crest and foundation. 

7. Generation of the arcs for each elevation and dam face (intrados and extrados). 
8. Creation of the dam body in 3D. 
9. Selection of the excavation slopes for each margin and for the river bed. 
10. Adjustment of the overhanging, if appropriate. 
11. Definition and generation of additional features, if applicable: 

 Monolith joints 
 Abutment blocks 
 Spillway 
 Outlet works 

12. Mesh generation 
 

The main window of the interface is depicted in Figure 1. The example corresponds to a 
parabolic fit. Schemes to assist to the definition of the excavation depth and the lines of 
centers can be activated by the user. In the example, the first is shown. 
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Some features such as spillways or bottom outlets works, whose influence in the structural 
response is typically minor, are optional and can be neglected in preliminary studies. 
 
It is worth noting that the final FEM model can be modified from the GID interface, as an 
ordinary model. Each element of the model geometry can be tuned, as well as the mesh 
properties, domain dimensions, etc. Nonetheless, a preliminary fit can be done and computed 
by users unfamiliar with GID or any other pre-process software. 

2.2 Thermo-mechanical analysis 
The tool is also integrated into “DamApp”, an application for thermo-mechanical analysis that 
includes specific features for dam engineering: 
 
1. Seismic analysis can be performed, including hydrodynamic effects, which can be 

considered by means of the Westergaard formula [13] or by fluid-structure interaction 
(FSI) [14].  

2. Modal analysis is available to obtain the natural frequencies. 
3. Joints between cantilevers (or blocks in gravity dams) can be accounted for via joint 

elements, which can reproduce their nonlinear behavior. They are governed by a cohesive 
bilinear law [15], [16]. 

4. Nonlinear constitutive models can be used to account for damage. 
5. Transient loads and boundary conditions can be applied 
6. Sub-pressure and uplift can be considered, together with the effect of drainage. 
7. Variable water temperature, both in time and depth, can be accounted for, including the 

variation in the water surface elevation along time. Both the Bofang formula [17] and a 
user-defined one can be employed. 

8. The construction process can be reproduced by activating layers along the transient 
calculation. 

9. Stresses in global coordinates can be transformed into principal stresses 
(tensile/compressive) for a more intuitive interpretation of the results. 

10. The results of the numerical model and the monitoring data can be jointly analyzed: the 
user can define the location and nature of the monitoring devices, which results are written 
into specific files. 

2.3 New functionalities in the geometry generation process 
As mentioned before, the main aspects of the geometry generation process were described in 
depth in a previous work [12]. In this section, we focus on the new functionalities 
implemented, which allow including additional elements such as joints, abutment blocks, 
spillways and outlets works. The parameters involved in the definition of these elements are 
listed in Table 1. 

Table 1: Geometrical parameters of dam elements 

Element Parameter Id Element Parameter Id 
Monolith joints Cantilever thickness Jth Spillways Location-Right sidewall Srs 
 Location Jx  Location-Left sidewall Sls 
Abutment blocks Location Ax  Ogee crest elevation Sh 
 Transition length Atl Outlet works Location Ox

 
Downstream 
thickness 

Ath  Elevation Oe 

 Downstream slope  Ads  Diameter Od
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The parametric definition of specific elements of arch dams, such as joints, abutments 
spillways and outlet works, will help to create FEM detailed models in a straightforward way. 
It can also reduce the possibility of introducing mistakes in the design, or while building a 
FEM model of an existing dam. 
 
Some of the processes were developed following determined design criteria, such as the shape 
of the abutment blocks or the geometry of the dam faces. We are currently working in the 
implementation of additional options, to increase the flexibility of the design process. 
Nonetheless, it should be noted that the resulting model can be fully modified by the user by 
means of the pre-process tools included in GiD. 
 
The Dam App is also under development. The upcoming functionalities include the detailed 
consideration of the construction process and the boundary conditions, among others. 
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ABSTRACT: One of the main approaches of dam monitoring is to process measurements collected 
on the structures in order to build analysis models. Those behavioural models permit to detect early 
signs of abnormal evolutions of the structure, to direct servicing operations or to elaborate particular 
exploitation strategies. The models that are classically used are the multi linear regression (MLR) 
models, particularly the HST (Hydrostatic, Season, Time) model. Though HST turns out to be very 
pertinent for the analysis of additive phenomena, it is not so accurate when used in the analysis of non-
linear phenomena. In recent years, interest has grown for advanced statistical methods known as data 
mining techniques, among which the Artificial Neural Networks (ANNs), that are becoming popular 
in dam engineering. The strength of these types of implicit functions lies in their capacity to adapt to 
highly complex and non-linear phenomena. Consequently, an ANN model was chosen in the present 
study to analyse and interpret uplift pressures in a French arch dam, via piezometric measurements. 
Actually, the evolution of uplift pressures accounts for that of the aperture of the rock-concrete 
interface, which involves strongly non-linear features. The ANN model is thus applied to the dataset, 
in order to draw conclusions on the structural behaviour, and more specifically on the temporal 
evolution of the aperture at the heel of the dam. A specific methodology is proposed regarding the way 
to process the available data in order to avoid extrapolation, and the results are compared to those of 
the HST model. This comparison shows that when it comes to studying non linear phenomena, the 
performances of the ANN model overtake those of HST. Finally, the gain that the use of the ANNs 
can bring to operational monitoring is discussed.

1 Introduction 
The assessment of the safety of dams is made possible thanks to a systematic monitoring of 
adequate parameters. Assuming that three main loads, namely the hydrostatic load, the 
thermal load, and the time effects (ageing), have simultaneous actions that result in structural 
behaviour effects, both loads and effects are measured. The provided data is then processed 
by analysis models. The aim is to identify the contribution of each influence quantity to the 
observed effect, in order to draw conclusions on the global behaviour of the structure. 
The phenomenon of the aperture of the rock-concrete interface is regularly observed in the 
French fleet of concrete thin arch dams situated in large valleys. It results in the hydrostatic 
load being transmitted to the foundations, and the expansion of uplift pressures. The evolution 
of the aperture can thus be characterised by monitoring the piezometric levels in this zone.
This phenomenon is accentuated under high hydrostatic load, and for low temperatures. 
Indeed, because of the thermal sensitivity of concrete, low temperatures induce a global 
movement of the arch in the downstream direction, which tends to increase the aperture. 
Therefore, the effects of the thermal and the hydrostatic loads on the extent of the aperture are 
not independent, and they even combine non-linearly, including threshold effects. 
Consequently, this pathology is difficultly apprehended by the classical linear regression 
models. In order to overcome that issue, an artificial neural network model (ANN) is chosen 
in the present study, to analyse and interpret monitored piezometric levels at the rock-concrete 
interface of a large French arch dam. The results of the ANN are compared to those of a 
classical multi linear regression model (MLR).

682



2 Methods

2.1 Hydrostatic Season Time model (HST)
Created in 1967, this MLR [1] has been adopted by the international community of dam 
owners.
Consider X the time series of a representative factor of the dam’s structural behaviour. The 
model assumes that X can be explained on the one hand by a reversible part, due both to the 
hydrostatic pressure imposed by the water in the reservoir, and to the annual thermal wave 
that induces cyclical temperature variations in the structure, and on the other hand by an 
irreversible “time effect”. X contains N observations.

Table 1: The HST model.

;𝐗 = (𝐗𝟏,…,𝐗𝐢,…,𝐗𝐍) Xi = b0 + f1(ti) + f2(Zi) + f3(Si) + εi   ,   i ∈ {1,N} (1)
Irreversible 
part Time effect f1(t)= b1t (2)

Hydrostatic effect f2(Z) = b2Z + b3Z² + b4Z3 + b5Z4 (3)Reversible 
part Thermal (or seasonal) 

effect f3(S) = b6cosS + b7sinS + b8cos2S + b9sin2S (4)

Where  is the day of the measurement, the season is an angle equal to 0° on the 1st of 𝑡𝑖 𝑆𝑖 
January and 360° on the 31st of December, defined by 𝑆𝑖 = 2𝜋.(𝑡𝑖/365.25 ‒ 𝑓𝑙𝑜𝑜𝑟(𝑡𝑖

. The relative trough  is a scaling of the water level  defined by = ( -/365.25)) 𝑍𝑖 h𝑖 𝑍𝑖 hnorm hi 
)/( - ), where  is the normal operating water level and  the water level  hnorm hemp hnorm hemp
when empty. Zi and Si are measured on the same date ti as the observed effect Xi.
εi is the modelling error, and b0 is the constant of linear regression.
The coefficients bk, k ∈ {0,10}, are determined by minimizing the sum of squared residuals.
Once the model is adjusted on a given period of time, a strong assumption is made: the 
reversible laws are considered to remain the same as time passes. Removing the reversible 
effects from the raw data Xi, corrected data CDi is computed: 

CDi =  Xi – f
2
(Zi) – f

3
(Si) (5)

Measurements can thus be compared under “identical conditions”, and temporal effects or 
abnormal evolutions can thus be identified. 
The second strong assumption of HST is that it assumes that the hydrostatic and the thermal 
loads have purely independent (additive) effects. 

2.2 The Artificial Neural Networks (ANNs)
Among other applications, the ANNs are a type of implicit function used to achieve 
regression [2][3][4][5]. The network is presented with two sets of data composed of N 
observations:
- Ti  with i ∈  {1,N} : the target variable, which is the quantity that has to be explained
- x1j, x2j, x3j etc, with j ∈  {1,M} :  a set of predictors, which are the variables that explain the 
target variable by an unknown relation. The purpose of the network is to determine this 
relation in order to be able to predict the target. 

A neural network is the combination of processing units: the neurons. Those are organised in 
layers as shown on Figure 1. The number of layers as well as the number of neurons per layer 
is referred to as the architecture of the network.
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Figure 1: A neural network – one neuron
Each neuron carries out two operations: a weighted summation of its inputs, then the 
application of the “transfer function” ft, to this weighted sum. The result of these operations 
feeds the following layer. In that way, the information is transferred forward throughout the 
whole network, producing a predicted value. An optimisation algorithm (commonly based on 
the gradient descent method) is then applied, propagating backward the modelling error, in 
order to adjust the weights of each neuron so as to improve the prediction. This process 
(forward propagation followed by the adjustment of the weights) is iterated until the 
modelling error is satisfying. [7]
At that stage, one must watch out for the over-fitting of the network, that occurs when those 
iterations are too numerous. Indeed, by increasing the number of iterations, one takes the risk 
of having the network learn the noise of the analysed sample, which is prejudicial to its 
generalisation capacities and numerical artefacts might appear. One way to avoid that is to 
separate the training set into two sets, the learning set and the test set, and to compare the 
modelling errors of both sets. If the network is over-adjusted, the MSE on the test set will 
start to increase while that on the learning set will continue to decrease. 
The transfer function that is most commonly used is a sigmoid type function, such as the 
hyperbolic tangent. At the end of the process, the “knowledge” is stored as the set of weights. 

3 Case study: analysis of piezometric levels on an arch dam

3.1 Description of the dam and the data
The studied dam is a concrete double curvature arch dam, built in the 1960s, which is 130m 
high from the foundation to the crest (altitudes are expressed in meters above sea level 
(m.a.s.l.)). Its thickness varies from 25 m (base) to 6 m (crest). An aperture of its rock-
concrete interface was observed right from the first filling of the reservoir. In order to follow 
its evolution, the network of piezometers was gradually complemented and today, 52 
piezometers are in place. The sensor C4 that recorded the data used for that study is part of a 
series of four piezometers situated (Figure 2) in the central block of the dam, lined up in the 
same radial profile. Their measurement chamber is right under the rock-concrete interface 
(298 m.a.s.l.), so the recorded piezometric levels are directly influenced by the aperture of this 
interface.
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Figure 2: Localisation of the piezometers of interest (central cantilever)

Being situated at the smallest distance from the downstream end, the position of C4 coincides 
with a zone where the interface is sometimes closed and sometimes open (according to the 
stress state to which the dam is subjected), assuming that the aperture extents until the toe 
when the dam is submitted to extremely high stresses. Thus, it is the piezometer that is the 
most sensitive to the loads variations. Consequently, though the four sensors were studied, 
this article focuses on the analysis of C4, for this sensor induces the richest interpretation. 
The initial time-series recorded by C4 contained 1041 points, the interval between two 
observations being often inferior to two days, and sometimes even smaller (up to 10 points 
per day). Consequently, in order to prevent the convergence of the model from being 
excessively influenced by those close observations, only one measurement per day was kept. 
Accordingly, the effective sample contains 623 points.

3.2 Interpretation of the outputs of the ANN model
The main difficulty with the ANN lies in the lack of physical interpretability of the result of 
the adjustment [8]. Indeed, it consists in a set of coefficients interconnected in a complex way, 
which does not allow the behaviour of the dam to show clearly. In the present study, the fitted 
network is the implicit function that predicts the piezometric level (PL) from a chosen set of 
values of the predictors (the two loads and the time effects). 

PL=f(S, t, Z) (6)

Thus, in order to increase the interpretability of the model, a sensitivity analysis is conducted, 
which consists in observing the effect of the variation of each load on the PL. The inputs used 
to perform this analysis are built as follows: 
- one load is chosen as the main effect: it varies over its complete control range. The three 
conceivable main effects are named the hydrostatic effect (effect of Z), the seasonal effect 
(effect of S) and the temporal effect (effect of t).
- one load is chosen as the parameter: three or four specific values are considered
- the remaining load is the constant: it is set to a fixed value

When used for simulation, the network will produce a reliable prediction only if the network 
carries on interpolation. Therefore, in this study, precautions are taken in order to avoid 
extrapolation. Basically, it consists in choosing the input data strictly among the 
measurements that were used for the training, and to select among that sample the 
measurements that were really recorded under the conditions that are being simulated 
(conditions of season, year, and reservoir filling).
For a given simulation, the selection is determined by the simulation value of the parameter 
and that of the constant, and is applied to the complete input data (the parameter, the constant 
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and the main effect). In order to proceed to this selection, selection ranges are built for each 
simulation value. The effective input data results from the intersection of the selection range 
relative to the parameter and that relative to the constant. 
This process permits to guarantee the representativeness of the simulation. As an example, for 
touristic reasons, the water level is kept high in summer, thus it is not possible to observe the 
hydrostatic effect for a median water level during the hot season. Consequently, no 
measurement corresponds to that situation, so the corresponding selection range (hot season 
intersected by median water level) is almost empty.
The ranges are built the following way for each load: the starting point is to normalise the data 
between zero and one. The normalised vector is then separated into a certain number of 
ranges. The median value of each range corresponds to the simulation values that are used for 
the parameter and the constant. As an example, the season variable is divided the following 
way: each range corresponds to a quarter of a year, and its calculation value is the first day of 
the central month of the quarter (Figure 3).

S=0 S=1

01/0701/04 01/1001/01
corresponding 
dates

S values

one range

Figure 3: Distribution of one year into four seasons
As for the time variable, each range corresponds to a third of the total analysis period, and for 
the water level, the ranges correspond to the four quartiles of the normalised water level. 
Additional ranges are built, corresponding to the median water lever, to the minimal observed 
water level and to the maximal observed water level.

3.3 Validation criteria
A set of parameters has to be determined to build and train the network that provides the best 
results. Those parameters are not known a priori, and depend on the complexity of the 
phenomenon that is studied, as well as on the amount and quality of available data. In this 
work, the best parameters are determined thanks to a parametric study. Quantitative indicators 
are used to assess the quality and performances of the model (Table 2). 

Table 2: Indicators used to assess the performances of the ANN.
Initial standard 

deviation
S0 =

𝟏
𝑵

∑𝑵
𝒊 = 𝟏(𝐓𝒊 ‒ 𝐓)𝟐 (m) Quantifies the dispersion of the set of raw 

measurements
Root mean 

square error 
(RMSE)

RMSE =
1
𝑁

∑𝑁
𝑖 = 1(T𝑖 - Y𝑖)

2 (m) Quantifies the residual modelling error
Should be close to 0

Determination 
coefficient

R² = ( )1 ‒
RMSE²

S0²
(-) Quantifies the part of the initial dispersion 

that has been reduced by the model
Should be close to 1

Considering the i-th observation,  is the prediction, is the average of T on the whole dataset𝐘𝐢 𝐓 

However, those indicators are not sufficient to evaluate the performances of the neural 
network: analysing the simulation graphical results, already introducing a physical 
interpretation, provides complementary and indispensable information as regards the accuracy 
of the model. This requires an engineer critical judgement based on experience, and on the 
comprehension of the overall behaviour of the structure that is studied. Consequently, 
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systematically both the indicators and the graphical simulation results are observed to 
determine whether the parameters of the network are satisfying or not. 
Assessing the performances of the model and displaying a final prediction is made more 
complicated by the fact that the weights are initialised randomly, which induces variability in 
the results. For the present study, in order to deal with the variability, each network 
(corresponding to one set of parameters) is trained 5 to 10 times, each time with a different 
initialisation of the weights. The training that produces the best results in terms of graphical 
simulation results and numerical indicator is kept. The parameters that are optimized thanks to 
the parametrical study are the architecture and the parameters that are relative to the 
optimisation algorithm, namely the learning rate, the number of iterations and the momentum 
(the latter is kept constant).

3.4 Modelling choices to train the network
The modelling choices made for that study are reported in Table 3.

Table 3: Modelling choices

Data set Building the network Training the network
Predictors: Z, t, cos(S), 

sin(S)
Architecture: 4,4,2,1 Modelling error: deduced from the Least 

Mean Square
Number of observations:

623
Transfer function: tanh for 

the hidden layers, linear 
for the output layer

Learning algorithm: 
Adaptive Gradient Descent with Momentum

Learning rate: 0.01 ; momentum: 0.8
Temporal extent of the 

sample:
Sept 2011 – June 2016

Number of iteration: 40000

Temporal sampling: 
maximum one measurement 

per day

learning and test sets: 86% - 14% (one 
measurement every 7 measurements for the 

test set)

The global learning rate is gradually reduced during the training process so as to guarantee an 
asymptotical convergence. The initial standard deviation is 21.03m, and the value of the 
measurement uncertainty induced by the sensor is 1.52m (calculated with two times the 
standard deviation). 

4 Results and comparison to the HST model

4.1 Numerical performances
Both the HST and the ANN models are applied to the same dataset. For the HST model, the 
laws that are used are the same as those described in part 2.2.
In terms of numerical performances, the ANN is the most efficient model (Table 4).

Table 4: Numerical performances of the HST and ANN models

HST ANN
R² 0.873 0.988

RMSE (m) 7.51 2.31(*)

(*) value of the training that has produced the best result

Those indicators traduce the quality of the predictions of the ANN, which are in great 
accordance with the target (Figure 4).
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Figure 4: Predictions of the piezometric levels recorded by C4 compared to the raw data, 
obtained with the HST and ANN models.

In order to go beyond the mere global prediction, the sensitivity analysis described in part 3.2 
was conducted, to observe the effect of each predictor and the way they interact. Each main 
effect (the hydrostatic, the seasonal and the temporal effects) has been combined with each 
possible simulation-values-doublet corresponding to the above described selection ranges. 
However, in order to keep the explanation as concise as possible, only some particularly 
relevant combinations are presented and discussed in this article.

4.2 Interpretation in terms of structural behaviour
This comprehensive exploration of the effects and interactions of the three influence 
quantities computed by the ANN permits to characterise the phenomenon of the rock-concrete 
interface aperture, which HST is not capable of. What’s more, the methodology aiming at 
preventing extrapolation greatly enhances the confidence in the results.
In the graphical results proposed hereinafter, the reversible effects determined by the HST 
model are superimposed to the effects calculated by the ANN, so as to emphasize the assets of 
the ANN.
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Figure 5: Simulation of the piezometric level by the ANN model (grey) and HST (red), for the 
sensors C1 (left) and C4 (right): seasonal effect, parameterised by the water level
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Two particular simulations are compared in order to highlight specific features observed on 
C4 (Figure 5). They correspond to the seasonal effect parameterised by the hydrostatic effect 
on the 1St of June 2012, calculated with the data from the piezometers C1 and C4 respectively.
The seasonal effect is parameterised by the hydrostatic load (the medians of the four quartile 
values are used), and what is noticeable is that for C1, the curves have identical shapes 
whatever the water level, and only differ from a translation. It can thus be concluded that the 
season and the water level have additive effects on the PL. On the contrary, looking at C4, the 
curves can no longer be deduced one from the other with a mere addition. This means that the 
effect of S and Z on the PL is a non-linear combination of the two variables. 
Linking this observation to the context, it shows that the sensor C1 is situated in a zone where 
the state of decompression permits a constant water supply, which explains why the influence 
of the filling on the season effect is additive. For the sake of simplification, this state of the 
rock-concrete interface will be called open. By contrast, in the case of C4, the seasonal effect 
depends on the filling, and on the state of aperture, the latter depending in turn on the filling. 
Indeed, for a low water level, the interface is closed so the uplift pressures are not propagated 
under the dam, hence a null seasonal effect. On the contrary, for high water levels, the 
interface is open and the size of the aperture is influenced by the thermal state of the structure, 
hence a variable seasonal effect. The piezometric level in that zone is thus the result of a non-
linear combination of the water level and the thermal state, which also includes a threshold 
effect, traducing whether the interface is open or not.
This threshold effect is even more visible with the display of the hydrostatic effect (Figure 6).
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Figure 6: Simulation of the piezometric level by the HST and the ANN models (sensor C4): 
hydrostatic effect, coupled to the season on the 1st of June 2012

Concerning the hydrostatic effect on the PL, it is expected that the lower the water level, the 
lower the PL and vice versa. However, the HST effect shows a rise of the PL for a water level 
lower than 416 m, which is contrary to the common sense. This fault is due to the polynomial 
law used to build the hydrostatic effect, which necessarily leads to an infinite limit. On the 
contrary, the predictions provided by the ANN show an asymptotic limit for water levels 
inferior to 416 m. This value corresponds to a threshold, and it is interpreted as the minimum 
water level for which the rock-concrete interface remains closed. The interface being closed, 
it prevents the uplift pressure from propagating under the dam, hence a null effect of the 
hydrostatic load on the PL. The same observation is made for the other values of the temporal 
constant for which the simulation was computed (carried out on 1st February 2014 and on 1st 
August 2015).
The shape of the curve is different depending on the season, confirming that S and Z are 
variables that are non-linearly combined. For a given value of the water level, the 
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corresponding PL is the highest during the quarter of April, has an average value for the 
quarters of July and January, and is the lowest for the quarter of October. That can be 
explained by the fact that the quarters of April and October actually correspond to the colder, 
respectively hotter thermal state of concrete (taking into account the delayed response of 
concrete to thermal diffusion). Subsequently, those extreme states also correspond to the 
extreme states of aperture of the interface: a great aperture for low temperatures versus a 
downward trend for high temperatures. Meanwhile, the quarters of July and January are 
medium seasons in terms of thermal state of the arch, hence the corresponding PL. 
This shows the capacity of the ANN to give an account of the influence the thermal state of 
the dam has on the uplift pressures, via its control on the state of the interface (open or closed) 
and if open, on the size of the aperture. This is an improvement compared to the HST model, 
the latter providing a prediction that corresponds to an average thermal effect. 

The same type of reasoning applies to the other combinations that cannot be fully described 
here. However, what is noticeable with the temporal effect is that the PL tends to decrease 
between 2011 and 2016. This observation suggests a closing of the aperture, which can be 
explained by specific operating conditions, an improvement of the drainage system of the dam 
and a global rise of temperature over that period. That temporal evolution also shows on the 
corrected data (CD) (Figure 7). Indeed, considering the way it is built, observing the CD 
amounts to observing the effect of the temporal load, marred by the modelling error.
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Figure 7: Raw data (red) and corrected data provided by HST (green) and the ANN (grey). 
For the ANN, the chosen water level is the median water level

With the ANN, the corrected data is calculated similarly: a water level is chosen and the PL 
are simulated for the four seasons, t varying through its complete control range. This is the 
only simulation for which no data selection is operated. The modelling error is finally added.
Given that it reveals the temporal evolution of the observed phenomenon, the CD is a key 
diagnostic tool which is used in the day-to-day operational monitoring. 
Since the remaining scattering is due to the measurement error on the one hand, and to the 
modelling error on the other hand, reducing this modelling error is therefore a way to decrease 
the scattering, and, in the meantime, to increase the perception of the temporal evolution. This 
is precisely what is expected by the monitoring operators. By contrasting the corrected data 
calculated by both models, one can notice the low remaining scattering provided by the ANN, 
which is a considerable improvement for monitoring purposes. Considering the global 
decreasing trend of the predictions, they reveal a gradual closing of the rock-concrete aperture 
over the period of analysis, suggesting a positive point for the structural diagnosis of the dam.
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5 Conclusion
In this paper, the linear model named HST and the ANN model are presented and applied to 
the piezometric data monitored on a French arch dam, in order to analyse the aperture of its 
rock-concrete interface. This application follows a precise methodology with regard to the 
display of the results. First, the visualisation of those combined effects and their physical 
interpretability serve as an indicator to assess the performances of the artificial neural network 
during the design phase. The information they provide is indispensable to supplement the 
classical evaluation criteria (RMSE). Second, the input data selection permits to avoid 
extrapolation. Finally, it increases the interpretability of the model’s output by revealing the 
relations between the predictors and the way they influence the output. 
Contrary to multi linear regression models, the ANN clearly shows that the three influence 
quantities are combined in a non linear way, and it provides a more precise visualisation of 
the temporal evolution of the aperture, which seems to have been recently gradually closing. 
This element is a positive point to be emphasized by the engineers in charge of the monitoring 
of the studied dam, for it reveals an improvement of the structure’s behaviour. To conclude, 
the ANN appears as a highly pertinent model to be used for diagnosis purposes, surpassing 
the classically used models in terms of accuracy. It especially permits a fine monitoring of the 
structure’s behaviour when non linear phenomena are at stake.
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ABSTRACT: The paper describes a statistical analysis model named EFR (EFfet Retard - 
Delayed effect), based on the HST (Hydrostatic-Season-Time) model, for the surveillance of 
pore water pressure inside embankment dams. It calculates the pore water pressure under 
identical conditions by identifying and separating the influence of the most important loads, 
such as the hydrostatic pressure and ageing of the materials. When compared to the 
conventional HST model, the advantage is that it takes into account the time delayed effect of 
the water reservoir variation due to the diffusion of water in porous media. This advantage 
leads to a better estimation of the irreversible trend and an earlier detection of abnormal pore 
water pressures, especially in the case of low hydraulic conductivity and for sensors located 
far from upstream. In the second part of the paper, an application of this model to a French 
embankment dam is provided in order to illustrate the use of the model and its advantages. 

1 Introduction  
According to the ICOLD , the majority of dams failed because they did not have any 
monitoring system or had a system that was out of order [1]. This finding therefore 
demonstrates the importance of inspection and of an appropriate monitoring system 
for regular observation of dam performance.  
 
Over the last fifty years, the increase of knowledge in the field of data analysis has led 
to the development of analytical methods which can exploit the monitoring data, 
yielding excellent results [2]. The first physical-statistical model which statistically 
determines the effects of hydrostatic and seasonal loads was formulated in 1967 [3], 
[4]. This HST model accounts for mechanical behaviour, by using a statistical 
regression technique to find out correlations between external loads and quantified 
effects. Concerning embankment dams, the monitoring of pore water pressure is 
crucial because it is the main indicator of internal erosion and seepage problems [5]. 
Pagano et al. (2010) [6] focused on these pore water pressure measurements at 
different stages of the lifetime of a dam. The authors collected measurements, 
particularly during the consolidation process within the dam, in order to detect the 
effectiveness of measurements, in revealing watertightness problems. These problems 
are influenced by various external loads. One characteristic of these external loads is 
that their effects on the pore water pressure are not instantaneous since the flows 
inside the dams are delayed by the low hydraulic conductivity of the materials 
constituting the embankment. Taking into account this delayed effect, the EFR model 
was developed for the analysis of pore water pressure [7]. It is a statistical analysis 
model for dam monitoring measurements which enables to separate the effects from 
the various influencing factors and determine the delayed response of hydrostatic 
effects by introducing a concept of “equivalent reservoir water level”.  
 
The article is organized into two parts. The first part consists in presenting the EFR 
model in detail, including the principle and the calculation of the equivalent reservoir 
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water level. The second part provides an application of the model to a French 
embankment dam. The underlying diffusion model and the numerical computation 
method for the “equivalent reservoir water level” are discussed in this part. 

2 Description of the EFR model 
As the first physical-statistical model for the analysis of monitoring data in dams, the 
HST model has been widely used in dam monitoring analysis and has been turned out 
to be a powerful tool. However, it presents some limitations when analysing the pore 
water pressure inside embankment dams. The model considers that the effect of 
variation in reservoir water level on the pore water pressure is instantaneous, while it 
is in fact non-instantaneous. Thus, the pore water pressure is delayed due to low 
hydraulic conductivity of materials constituting the embankment, especially the 
impervious clay core.  
 
In order to tackle the problem, the EFR model, which accounts for the delayed 
hydrostatic effect, was proposed [7]. It was designed to analyze the pore water 
pressures (PWP) for homogeneous earth dams considering an average hydraulic 
conductivity. The principle of the model is first to create a new time-series of the 
water level, named equivalent reservoir water level and denoted H. It accounts for the 
delayed effects of the hydrostatic loads in upstream. Second, the HST model is 
applied to explain pore water pressure times-series, using this equivalent reservoir 
water level as explanatory variable. Compared to the conventional HST model, the 
seasonal term disappears, since thermal effects are negligible inside embankment 
dams. Thus, the EFR model only accounts for two loads: the irreversible trend and the 
hydrostatic load, which is modelled by using H. In summary, the following expression 
gives the algebraic formulation of the EFR model: 
 

𝑃𝑊𝑃 =  𝑎0 + 𝑎1. 𝑡 + 𝑎2. 𝐻(𝑇0) + 𝑎3. 𝐻(𝑇0)2 + 𝑎4. 𝐻(𝑇0)3 + 𝑎5. 𝐻(𝑇0)4 +  𝜖 (1) 
 
where 𝑃𝑊𝑃 is the observed time series of pore water pressure, 𝑡 is the time, 𝐻(𝑇0) is 
the equivalent reservoir water level, depending on 𝑇0  which represents the 
characteristic time of diffusion in porous media. In Equation (1), the hydrostatic effect 
is simulated by a polynomial function of degree 4 and the irreversible effect is 
modelled by a linear function. The coefficients  𝑎0 , 𝑎1 , 𝑎2 , 𝑎3 , 𝑎4  and 𝑎5  are 
determined by multiple linear regression analysis by minimizing the sum of residual 
squares.  
 
The equivalent reservoir water level 𝐻(𝑇0) is computed by Equation (2), which is 
derived from two assumptions: mass conservation and Darcy’s law [8]: 
 

𝐻(𝑡) = 𝑃(𝑡) ∗ 𝑍(𝑡) = ∫ 𝑍(𝑡′). 𝑃(𝑡 − 𝑡′)𝑑𝑡′

𝑡′=𝑡

𝑡′=−∞

   (2) 

 
where 𝑍  is the real reservoir water level, * is the convolution product defined by 
Equation (2) and 𝑃(𝑡) is the impulse response function which depends on boundary 
conditions. Two cases of boundary conditions are usually distinguished for the 
impulse function: a theoretical finite media and a semi-infinite media.  
Table 1 summarizes these two cases. 
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Table 1 : Solution and characteristics of the diffusion equation 

 
 

 
 

 

 

𝑃 (𝑡) =  
1

𝑇0
 . 𝑒

−𝑡

𝑇0 with 𝑇0 =  
𝐿2.𝑆

𝐾𝜋2
 𝑃 (𝑡) =  √

𝑇0

𝜋
.

𝑒
−𝑇0

𝑡

𝑡1.5  with 𝑇0 =  
𝑥2.𝑆

4.𝐾
 

Finite media Semi-infinite media 
 
where 𝑥 (m) is the distance traveled by the water between the upstream face and the 
sensor, 𝑆(m-1) is the specific storage coefficient, 𝐾 is the hydraulic conductivity (m.s-

1), 𝐿 (m) is the length of the finite media in which diffusion occurs  and 𝑇0 (day) is the 
characteristic time of diffusion in porous media. The impulse response for the finite 
media should be used for the sensors in the middle or in the downstream part of the 
clay core because they are close to the impervious border. On the contrary, the 
impulse response for the semi-infinite media should be used for the sensors located in 
the upstream part of the clay core because the end of the flow is far away from these 
sensors.  
 
The characteristic time of diffusion in the porous media 𝑇0, depends on the position of 
the measuring instrument with respect to the upstream face. The term 𝑇0 is greater for 
sensors far away from the upstream face compared to sensors close to the water level. 
Due to uncertainties and variations of the dam’s physical parameters such as the 

specific storage coefficient 𝑆 and the hydraulic conductivity 𝐾, 𝑇0 is unknown before 
carrying out linear regression. Thus, several values of 𝑇0 are tested in an expected 
range in order to select the optimized value by minimizing the sum of square residues. 
The tested values of 𝑇0 can be varied from 1 to 200 days [7]. 
 
Once the type of diffusion media and the optimized value of 𝑇0 are determined, the H 
can be calculated by Equation (2). Two calculation methods of the convolution 
product can be identified: integral calculation and recurrence. The integral calculation 
can be used for both finite media and semi-finite media, whereas the recurrence can 
only be used for finite media, because only the primitive of the impulse response 
integral for finite media is known. 
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From Equation (2) 𝐻 is estimated at a given time 𝑡1 considering that it represents the 
influence of all the variations of water levels before time 𝑡1 . In practice, the 
convolution product between 𝑃 and 𝑍 is calculated over the period [𝑡′ − 𝑚. 𝑇0 , 𝑡′]. A 
value of 13 for 𝑚 is sufficient for the precision of the calculation [9]. 
 

𝐻(𝑡1) =  ∫ 𝑍(𝑡′). 𝑃(𝑡1 − 𝑡′)𝑑𝑡′
𝑡′=𝑡1

𝑡′=𝑡1−𝑚.𝑇0

 (3) 

 
This integral can be approximated as follows: 
 

𝐻(𝑡1) =  
∑ 𝑃(𝑡1 − 𝑖). 𝑍(𝑖). ∆𝑡

𝑖=𝑡1−1
𝑖=𝑡1−𝑚.𝑇0

∑ 𝑃(𝑡1 − 𝑖). ∆𝑡
𝑖=𝑡1−1
𝑖=𝑡1−𝑚.𝑇0

 (4) 

 
Also from the Equation (2), the equivalent reservoir water level 𝐻 at a given time 
(𝑡1 + ∆𝑡) for the case of finite diffusion is expressed in a recurrence way under the 
assumption that 𝑍(𝑡) is constant during the calculation interval ∆𝑡: 
 

𝐻(𝑡1 + ∆𝑡) =  𝐻(𝑡1). 𝑒
−∆𝑡
𝑇0 + 𝑍(𝑡1 + ∆𝑡). (1 − 𝑒

−∆𝑡
𝑇0 ) (5) 

 

2.1 Estimation of the delayed hydrostatic effect 
The delayed hydrostatic effect is determined by using the following equation derived 
from Equation (1). 
 

ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑒𝑓𝑓𝑒𝑐𝑡𝐷𝑒𝑙𝑎𝑦𝑒𝑑

= 𝑎2. 𝐻(𝑇0) + 𝑎3. 𝐻(𝑇0)2 + 𝑎4. 𝐻(𝑇0)3 + 𝑎5. 𝐻(𝑇0)4 
(6) 

 
This delayed hydrostatic effect must be interpreted carefully since it uses the 
equivalent reservoir water level 𝐻(𝑇0) . In fact, the delayed hydrostatic effect is 
obtained by maintaining the constant water level 𝐻(𝑇0) during a delay that is greater 
than the characteristic time 𝑇0: approximately 2.3.T0  for a finite media and 8.5.T0  for 
a semi-infinite media [7]. The so-called “corrected measurements” (CM) are defined 

by: 
 

𝐶𝑀 = 𝑃𝑊𝑃 − 𝑎2. 𝐻(𝑇0) − 𝑎3. 𝐻(𝑇0)2 − 𝑎4. 𝐻(𝑇0)3 − 𝑎5. 𝐻(𝑇0)4   
= 𝑎0 +  𝑎1. 𝑡 +  𝜖  (7) 

 
CM allow quantifying the evolution of irreversible effect under constant loads. It 
represents measurements of pore water pressure in identical conditions i.e. full 
delayed water level. To calibrate the EFR model properly at the maximum reservoir 
water level, measurements of pore water pressure are needed when the level is 
maintained full for a period longer than 2.3 or 8.5 times the characteristic time 𝑇0 [9]. 
Regarding sensors located far away from the hydrostatic load, this period may become 
very long, typically in the order of several months. Most of the time, the reservoir 
water level is not kept full over several months. For this reason, it appears that the CM 
calculated with Equation (7) may be a risky extrapolation in terms of absolute levels 
of pore water pressure. However, the irreversible trend is correctly estimated and the 
model is well appropriated in order to track any abnormalities. To avoid the drawback 
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of extrapolation and to estimate the corrected pore water pressure in the whole dam, it 
is easy to calculate the corrected pore water pressure at a lower level such as the 
average reservoir water level or the minimum reservoir water level. To do this, it is 
only necessary to deduct from CM the delayed hydrostatic effect at the targeted water 
level.  

3 Application to a French embankment dam 

3.1 Geometry, monitoring device and experimental data 
Figure 1 presents the main central cross section of the studied dam. It is a 1 km long 
and 37 m high homogeneous gravel moraine dam, completed in the 1950’s. The 

foundation is made up of sandy and gravely alluvium due to granite erosion, granitic 
area and fissured granite, in which a grout curtain of bentonite-cement and silicate 
aluminate was realized with a depth of around 20 m. Concerning the drainage system, 
a layer about 50 cm depth constituted with gravels is located in the upstream below a 
concrete slab and some drains prolonged by a rock-filled mass are placed at the 
downstream foot. The main central cross section (section A-A in Figure 2), as shown 
in Figure 1, is instrumented with five piezometric sensors, denoted PP1 to PP5. Five 
other piezometric sensors, denoted PP6 to PP10, are identified in another cross section 
(section B-B in Figure 2), which has approximately the same geometry as the main 
central cross section. These two sections are studied by the EFR model. The setting up 
of these sensors is presented in Figure 2 from a top view of the studied dam. 
 

 
Figure 1：Main central cross-section of the studied embankment dam and location of 

the vibrating wire piezometers (PP1 to PP5) 

 

 
Figure 2：Location of the piezometric sensors for the section A-A (main central cross 

section) and B-B   
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Two types of time series are studied in the following: one is the reservoir water level 
of the dam which is measured with a daily time step from the 31/03/1960 to the 
18/03/2015, another is the PWP level inside the dam measured every 15 days since 
the first impoundment. Figure 3 plots the time series of water level and PWP levels of 
the sensors PP1 to PP5 for the year 2014. First, it can be observed from Figure 3 that 
the evolution of the water level is nearly seasonal with low levels in March-April and 
high levels in June-July-August. Then, a decrease of the piezometric levels from 
upstream (PP1) to downstream (PP4) is observed. In addition, the minimum in the 
reservoir water level does not occur at the same time for these five sensors. In fact, 
there is a time delay between the reservoir water level and piezometric level which is 
due to the fact that water seepage in porous media is not instantaneous. Therefore, it 
seems indispensable to use a model which is able to account for the delayed effect. An 
abnormal phenomenon is inferred from Figure 3. Particularly, the piezometric level 
for the sensor PP4 is always higher than that of the sensor PP5, although PP4 is 
farther to the hydrostatic load than the PP5. Following this observation, a comparison 
of the piezometric levels evolution between the sections A-A and B-B is carried out in 
order to analyze the raw measurements for these ten sensors. These sensors can be 
divided into five couples: PP1-PP6, PP2-PP7, PP3-PP8, PP5-PP10 and PP4-PP9. In 
each couple, the piezometric level evolutions of sensors should be approximately 
equal to the other because they are located at the same position in the X-Y plan (see in 
Figure 1), respectively in the section A-A and B-B. It is well confirmed by the first 
four couples, whereas the piezometric levels evolution for the sensor PP4 is always 
higher than the one of the sensor PP9. Considering this comparison study and the 
abnormal phenomenon observed in Figure 3, there is probably a local effect in the 
section A-A for the sensor PP4. 
 

 
Figure 3：Evolution of experimental water levels and piezometric levels for the 

sensors PP1 to PP5 (year 2014) 

3.2 Application of the optimized EFR model to experimental data 

Choice of the diffusion model 
A preliminary study aims at comparing the two diffusion models in order to choose 
the best approach for the case study. A criterion used to realize the comparison is the 
correlation coefficient between the raw measurements PWP and the endogenous 
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variable of the multiple linear regressions PWP – 𝜖 (see in Equation (1)). The closer 
this coefficient approaches 1, the stronger the linear relation between the two 
variables.  
 
Table 2 provides the correlation coefficients for the two diffusion models, knowing 
that for the finite media model, the equivalent water level has been calculated 
using two computation methods presented in the previous section. This study is 
carried out for the sensors of the section B-B with 327 measurements over the period 
2003 to 2015. 

Table 2：Comparison of the correlation coefficient for the two diffusion models and 
for different methods of calculating the 𝐻 (section B-B) 

Sensor Semi-infinite media Finite media 
Integral calculation Integral calculation Recurrence 

PP6 0.9873 0.9874 0.9878 
PP7 0.9716 0.9717 0.9745 
PP8 0.9547 0.9573 0.9649 
PP10 0.9197 0.9299 0.9351 
PP9 0.9411 0.9440 0.9512 

 
As can be seen from Table 2, all correlation coefficients are higher than 0.92 even 
0.98 for the sensor PP6. This observation demonstrates a good linear regression for 
both diffusion models and both calculation methods. However, there is still a little 
difference between the results for the same sensor. Regarding the diffusion model, it 
seems that the finite media is more appropriate to the case study because its 
correlation coefficient is always the highest. In fact, the drawdown of PWP levels 
inside the embankment dam due to the downstream filter induces a distribution of 
pore water pressure quite similar to the finite media. Regarding the calculation of the 
equivalent reservoir water level, the recurrence calculation performances are better 
than the integral calculation. Indeed, the integral calculation is realized with the 
rectangle method, which is an approximation of 0 order, whereas the primitive 
function can be derived and used for the recurrence calculation, which is hence more 
accurate. Consequently, a finite media with recurrence calculation is selected as the 
optimized model for the following study.  

Optimization of the characteristic time 𝑻𝟎 
The use of the EFR model enables us to calculate the optimized characteristic time 𝑇0 
by minimizing the sum of residual squares in the linear regression. Table 3 
summarizes the optimized values of 𝑇0.for all the ten sensors: 

Table 3：Characteristic times 𝑇0 of the sensors from PP1 to PP10 

Sensors 𝑻𝟎 (day) Absolute difference (day) Section AA Section BB 
PP1(6) 4.7 5.1 0.4 
PP2(7) 6.8 7.1 0.3 
PP3(8) 7.9 7.9 0 
PP5(10) 13.8 13.4 0.4 
PP4(9) 10.9 7.8 3.1 
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As presented in Table 3, the variation range of characteristic time 𝑇0  for the ten 
sensors is from 4.7 to 13.8 days with an average value of 8.6 days. The sensors 
located in the same position of different sections have almost the same value of 𝑇0 
since their absolute differences are all smaller than 0.4 days, except the sensor PP4(9). 
This exception can be explained by the fact that there is a local effect for the sensor 
PP4 as presumed previously. Besides, the characteristic time 𝑇0  depends on the 
position of the measuring instrument with respect to the upstream hydrostatic load. 
Theoretically, sensors that are far away from the hydrostatic load have a higher 𝑇0 
than sensors close to the water level. This is the case for the sensors presented in the 
section B-B, except the sensors PP4 and PP9. Indeed, These two sensors are located 
near to and lower than the downstream filter which can drawdown the PWP level and 
reduce the diffusion time (as presented in Figure 1). 

Results 
By using the optimized diffusion model for the studied case and the selected 𝑇0, the 
corrected measurements and the delayed hydrostatic effect are obtained. 
 
Figure 4 presents the evolution of raw measurements and the corrected measurements 
of PP1 for a period of 10 years from 2004 to 2014. The dispersion of the 
measurements is strongly reduced. The standard deviation decreased from 1.75 m 
(raw measurements) to 0.36 m (corrected measuremetns) corresponding to a reduction 
of 82.5% for the range of measurement variation. As the corrected measurements 
correspond to the piezometric levels for a maximum reservoir water level kept for a 
time greater than 2.3.T0, it is logical to find that the corrected measurements are 
always higher than the raw measurements. Besides, a temporal effect, which describes 
a slight decrease of measurements especially after the date ‘18/11/2010’, can be 

observed in the corrected measurements thanks to its limited dispersion. This method 
can therefore help track any abnormalities.  
 

 
Figure 4：Corrected measurements for the sensor PP1 using the EFR model (finite 

media, recurrence method, 𝑇0=4.7 days) 

 
Once the linear regression is performed, the delayed hydrostatic effect can be 
calculated by Equation (6). As illustrated in Figure 5, it is simply the polynomial of 
equivalent water level and it ranges from -8.2 to -0.1 m. It is worth noting that the 
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equivalent reservoir water level H(𝑇0) is obtained by maintaining a constant water 
level during a delay that is greater than the characteristic time T0: approximately 
2.3.T0 for finite media and 8.5.T0 for semi-infinite media [9]. 
 

 
Figure 5：Delayed hydrostatic effect for sensor PP1 using the EFR model 

 
Figure 6 illustrates the comparison between corrected measurements of piezometric 
levels from the sensor PP3 respectively obtained by HST and EFR models for the 
years from 2002 to 2013. As expected, there is still a seasonal aspect that is visible in 
HST corrected measurements, which disappears with the EFR model. In addition, the 
dispersion of EFR corrected measurements is strongly reduced.  
 

 
Figure 6：Comparison of corrected measurements for sensor PP3 between HST and 

EFR models 

4 Conclusion 
This study presents an analytical model named EFR (EFfet Retard - Delayed effect) 
for the monitoring of the pore water pressure inside embankment dams. This model 
takes into account delayed effects between the variation in reservoir water levels and 
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the monitoring device located inside the dam, due to the hydraulic diffusivity. 
Applying this model to dam monitoring data allows obtaining the corrected 
measurements which represent measurements in identical conditions. These corrected 
measurements can therefore highlight and quantify the irreversible evolution trends 
occurring under constant loads. At the same time, the delayed hydrostatic effect can 
be isolated and displayed.  
 
An application of this model to a French embankment dam is also provided. 
Particularly, the finite and semi-infinite media versions of the EFR model as well as 
the calculation method for the equivalent reservoir water levels are analyzed and 
compared. According to the correlation coefficient between the raw measurements 
and the endogenous variable of the multiple linear regressions, the finite media EFR 
model using the recurrence calculation method is selected as the optimized model for 
the studied dam. The dispersion of raw measurements is strongly reduced by applying 
this model. Besides, a comparison between the HST and EFR models is carried out 
and confirmed the good performance of the EFR model. 
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ABSTRACT: Arch dams have different properties that play a relevant role in their behavior, although 
it is not clear to what degree or in what sense. There is some consensus regarding the relevance of 
certain factors such as length at crown, height, base and crest thickness, or Young modulus of dam and 
foundation. However, others such as the shape of arcs and cantilevers, which are correlated and whose 
effect is more difficult to consider, can also be influential. 
In this work, a systematic study of the response of arch dams in front of the common loading scenarios 
has been carried out, taking into account the usual range of variation of their properties. In total, 39 
input variables related to geometry, material strength and thermal load were considered. Ranges of 
variation for each of these parameters have been defined according to the usual design criteria and 
3,000 different geometries – together with the corresponding FEM models - have been generated with 
random values of these parameters. 
The resulting displacements and stresses have been used to fit prediction models based on a machine 
learning technique named ‘random forests’ that give an estimate of the dam response. The 
interpretation of these models can be associated with the relative importance of the characteristics of 
arch dams on each of the behavior variables.  

1 Introduction  
The first filling and the initial stage of dam operation are critical periods in terms of dam 
safety; the new loads applied by the presence of the reservoir frequently induce a transient 
behavior [1]. This is more acute for arch dams, since they transmit higher loads to the 
foundation and abutments. Moreover, the joints between cantilevers are grouted at that time, 
hence the structure becomes monolithic and hyperstatic. 
 
Data-based models cannot be applied properly during the first years of operation due to the 
lack of monitoring data for model fitting [2]. Numerical models are sometimes available, 
though they need to be calibrated, for which behavior data are also necessary.  
 
As a result, dam safety assessment during that period is mostly based on engineering 
knowledge and experience from similar cases. This approach is intrinsically subjective and 
biased by the particular know-how of each practitioner. Moreover, each dam features different 
properties whose influence on the relevant outcome indicators is not fully understood. It is 
generally acknowledged that several factors are relevant on dam behavior, such as the crest 
length/height ratio [3], or that between the elastic modulus of dam and foundation [4]. 
According to the USBR [5], if the ratio base thickness/height is lower than 0.2, the thermal 
load is preponderant. However, other variables, whose effect is harder to consider, can also be 
influential. In addition, some of them are obviously correlated. It can be concluded that the 
effect of each parameter of the dam on each of the response variables is difficult to determine 
a priori. 
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The aim of this work is to analyze the effect of the main parameters defining an arch dam – 
geometry, material strength and thermal properties – on its structural behavior. A database 
was automatically generated with an ad-hoc application that allows creating and computing 
numerical models based on the finite element method (FEM). It is integrated in the pre-
process software GiD [6] and makes use of “DamApp”, a code for thermo-mechanical 
computation of dams developed in the open-source environment Kratos Multiphysics [7] 
 
The results of these models were employed to fit supervised learning non parametrical models 
based on random forests (RF), whose interpretation allows identifying the influence of each 
input variable on dam response, both in magnitude and shape. 

2 Methods 

2.1 Model generation 
The analysis is based on the results of the thermo-mechanical calculation of 3,000 numerical 
models of arch dams whose geometry, boundary conditions and loads were randomly and 
automatically defined with an application developed ad-hoc [8]. In this section, the process is 
succinctly described. 

Geometrical parameters 
The geometry of the models depends on a total of 10 parameters, representing a compromise 
between a sufficient degree of detail to obtain useful results and the necessary simplifications 
to allow the systematic generation and analysis. The selected parameters are summarized in 
Table 1, which also shows the units and the corresponding range of variation.  

Table 1: Geometrical parameters and corresponding ranges. 

Parameter Symbol Units Range 
Height H m [20 - 305] 
Crest chordal length Lc m [40 - 505] 
Foundation chordal length Lf m [30 - 400] 
Total angle α Degrees (º) [100 - 120] 
Central angle β Degrees (º) [20 - 35] 
Crest thickness Thc m [1.01 – 13.4] 
Foundation thickness Thf m [1.5 - 60] 
Abutment increment thickness Tha (%) [0 - 100] 
Undercut  Omax m [0 - 50] 
Overhanging  Oc-f m [0 - 6] 

 
These parameters allow defining the geometry of the dam. The ranges of variation were set 
according to different criteria, with the purpose of representing a wide range of realistic 
geometries of arch-dams. The maximum height is that of Jinping-I dam, currently the highest 
dam in operation worldwide [9]. The lower limit for height was taken discarding small dams 
according to various sources [10], [11]. Other ranges were defined considering data of limited 
but representative lists of existing dams [5], [12], such as those for crest and foundation 
chordal lengths and thicknesses, as well as for the relative abutment thickness and overhang. 
Recommendations extracted from reference guidelines were considered for total and central 
angles [3], [5].  
 
In each of the 3,000 cases, the values of the geometric parameters are randomly selected. The 
geometry generation procedure is described in detail in [8], and a brief description of the main 
steps follows. 
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1. The slope of the valley is defined as a function of three parameters: H, Lc and Lf. It is 

verified that the resulting values meet the condition Lc/H<5. The range of variation of 
these parameters allows representing different site shapes, as described by USACE [3]: 
narrow-V, wide-V, narrow-U, or wide-U. 

2. The cross section of the crown cantilever is determined in three steps: 
 Random values of Thf and Thc are taken, conditioned to Thf>Thc. The thickness at 

intermediate height is linearly interpolated. 
 The crown arch is moved toward downstream a distance equal to 2/3∙Thf, with respect 

to that at the base.  
 Intermediate arches are placed as a function of a parameter Cf. Its effect was verified 

and its range of variation determined by generating models reproducing real dams. 
3. The horizontal shape is defined following the method proposed by Vallarino [13], in 

which circular arches are employed both for the intrados (one center, constant radius) and 
the extrados (three centers, greater radius near the abutments). This results in variable 
horizontal curvatures along each arch [5], dependent on Tha, which in turn is defined as 
the ratio between the thickness at the abutment and that at the crown section for each arch.  

 
The following simplifications were adopted: a) the riverbed axis is straight and b) all models 
are symmetrical. 

Material properties 
Table 2 shows the list and corresponding ranges of variation of the material properties 
involved in the thermomechanical calculations, both for the dam and the foundation. The 
values were extracted from the technical literature: reference guidelines or technical reports 
and peer-reviewed papers related to specific case studies. References are included in the last 
column of Table 2. 

Table 2: Material properties and corresponding ranges. 

Parameter Units 
Range 

References 
Concrete Foundation 

Density (ρ) kg/m3 [2400 - 2700] [2600 – 3000] [14], [15]  
Elastic Modulus (E) GPa [20.1 – 41] [0.5 – 60] [4], [11] 
Poisson’s ratio (ν) - [0.2 – 0.28] [0.14 – 0.25] [11], [14], [16] 
Thermal conductivity (λ) W/(m·K) [1.7 – 3.86] [1.7 – 4.6] [15], [17] 
Specific heat (α) J/(kg·K) [837.4 – 1046.7] [879 – 1000] [15], [17], [18] 
Thermal expansion coef. (β) 1/K (10-6) [6.3 – 12.6] [8.3 – 10] [14], [17], [18] 

 

FEM analysis 
Once the random geometries were generated, the definition of the FEM models requires 
determining (1) the loads, (2) the boundary and initial conditions, and (3) the type and size of 
mesh elements. 
 
Self-weigh, hydrostatic and thermal loads were accounted for. Two scenarios were considered 
for the hydrostatic load, namely empty and full reservoir. Thermal load was defined with 
sinusoidal functions based on three parameters: mean value (Tmean), amplitude (Tamp) and 
phase (ε). Water temperature was established according to the empirical depth-dependent law 
proposed by Bofang [19], dependent on the ambient temperature.  
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Tetrahedron elements were selected after been validated by previous analysis [20]. The mesh 
size was defined under the condition of featuring at least three layers of elements across the 
dam thickness. This assumption was based on expertise knowledge acquired in former 
projects and other FEM analysis studies [21]. The simulation period was three years, with a 
time step of one month. It was verified that the yearly cycle of the thermal field was 
independent on the initial temperature, which in turn was set to Tmean. 
 
Finally, a set of behavior variables is obtained from the results of the numerical models, 
mainly stress and displacement for each mesh node and time step. 
 

2.2 Supervised learning 
Once the calculations are run and the results compiled into a data set, they can be used to 
construct a relation of the form Y = f (Xi), being Xi the model parameters (hereinafter 
constitutive parameters, which include those defining the geometry, materials and loads), and 
Y the response variable (displacement or stress). With this information, models based on 
random forests (RF) have been fitted, which allow obtaining an estimate of this function f. 
 
RF models belong to the category of non-parametric algorithms, since they are solely based 
on data, without any a priori assumptions on the nature or strength of the association between 
inputs and response. The result of an RF model is computed as the average prediction of a set 
of simple decision trees. The description of the theoretical basis can be found in several 
sources (e.g. [22]), as well as in the seminal article by Breiman [23]. Examples of application 
of models of this type have been published in the field of dam safety [24].  
 
In addition to their predictive capacity, useful information can be extracted on the underlying 
mechanism through the variable importance measure. Once the model is fitted, each of the 
predictor variables is randomly permuted and the increase in the prediction error is calculated. 
It is based on the assumption that if a variable does not affect the response, the model 
accuracy will be low sensitive to the permutation of the corresponding value, and vice versa.  
 
More information on the phenomenon under analysis can be obtained from the partial 
dependence plots [25]. This tool can be applied to any black box model, as it is based on the 
effect of each predictor on the output, as learned by the model and accounting for the average 
effect of the remaining inputs.  

Input variables 
Some derived constitutive variable were computed and considered as inputs. They are 
frequently employed in practice to characterize arch dams and make comparisons [3]. The full 
input set is included in Table 3. 
 
In both cases, two versions of the RF model were fitted: one with all the input variables listed 
in Table 1, and another with a set of independent variables. This allows for a more reliable 
estimation of the variable importance measure, since highly correlated variables can share the 
importance in the full model (for example, gCreLen and rCreLenH) [26]. 
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Table 3: Input variables 

Variable Code Variable Code 
Dam height  gHei Lc/Lb rCreLenBasLen
Dam crest length  gCreLen Thb/H rBasThiH 
Base length  gBasLen Thc/H rCreThiH 
Total angle  gTotAng Thmean/H rMeanThiH 
Central angle  gCenAng Young modulus-dam mYouDam 
Abutment increment thickness gAbuIncThi Young modulus-foundation mYouFou 
Factor of curvature gFacCur Conductivity-dam mConDam 
Crest increment thickness1 gCreIncThi Conductivity-foundation mConFou 
Base increment  thickness gBasIncThi Density-dam mDenDam 
Crest thickness gCreThi Density-foundation mDenFou 
Base thickness gBasThi Expansion coefficient-dam mExpDam 
Mean thickness gMeanThi Expansion coefficient-foundation mExpFou 
Thickness at H/3 gThi13 Poisson coeff.-dam mPoiDam 
Thickness at 2H/3 gThi23 Poisson coeff. foundation mPoiFou 
Thickness at crest abutment gAbuCreThi Specific heat-dam mHeatDam 
Thickness at base abutment gAbuBasThi Specific heat-foundation mHeatFou 
Crest overhang gCreOver Young mod-Dam/Young mod-Fou mYouDamFou 
Undercutting at H/3 gUnd13 Mean air temperature Tmean tMean 
Maximum undercutting gUndMax Temperature amplitude tAmp 
Lc/H rCreLenH   
 

3 Results and discussion 
The maximum radial displacements at the top of the crown cantilever were analyzed. More 
precisely, the difference between the maximum displacement toward upstream (recorded for 
empty reservoir in summer, month 31 in the simulation) and that toward downstream 
(obtained for full reservoir in winter, month 37). This result was divided by the dam height. 
Also, the maximum stress at the upstream toe – frequently tensile stress – was analyzed, 
which is registered for full reservoir at month 37. 

3.1 Displacements at the crown cantilever 
Figure 1 shows the variable importance of inputs for both models, where crest chordal length 
stands as the most relevant, followed by Young´s modulus of foundation. Thickness at the 
base is more important than that at the crown, while the inputs related to temperature – both 
thermal load and properties – show low relevance. 
 
The partial dependence plot for mYouFou (Ef) was also obtained (Figure 2). It can be seen that 
the high importance of this variable is mostly due to the effect of those cases with Ef<5, 
which is a suggested minimum threshold for arch dams foundation [4]. 
 

                                                 
1 wrt default value as proposed by USBR [5] 
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lower relevance if its value is restricted to the commonly recommended ranges. The 
geometrical features are clearly preponderant over the thermal and resistant characteristics of 
the materials, provided that all are within the conventional ranges. 
 
In this sense, the results show a much greater influence of chordal crest length. Among the 
variables that can be controlled in the design – the length of crown depends basically on the 
site, generally with low flexibility – base thickness and curvature stand as the most influential.  
 
The presented methodology can be applied to analyze further variables related to dam 
behavior. Moreover, a degree of similarity can be defined as a function of the difference in 
terms of the input variables, weighted on the basis of the variable importance. This measure 
would vary depending on the response variable under consideration: two arch dams can have 
more similar performance in terms of stress than in terms of deformation. 

5 Acknowledgements 
We acknowledge the financial support to CIMNE via the CERCA Programme/Generalitat de 
Catalunya. The research was also supported by the Spanish Ministry of Economy and 
Competitiveness (Ministerio de Economía y Competitividad, MINECO) through the projects 
ACOMBO (RTC-2015-3794-5) and NUMA (RTC-2016-4859-5). 

6 References 
[1] Lombardi, G., Amberg, F., & Darbre, G. R. (2008). Algorithm for the prediction of 

functional delays in the behaviour of concrete dams. The international journal on 
hydropower & dams, 15(3), 111. 

[2] Salazar, F., Toledo, M. A., Oñate, E., & Morán, R. (2015). An empirical comparison of 
machine learning techniques for dam behaviour modelling. Structural Safety, 56, 9-17. 

[3] USACE – US Army Corps of Engineers, editor (1994). Arch Dam Design, capítulo 8, pp. 
1:15. USACE, Washington DC, USA. 

[4] Romana, M. (2003). DMR, a new geomechanics classification for use in dams 
foundations, adapted from RMR. 4th International Symposium on Roller Compacted 
Concrete (RCC) Dams, Madrid, Spain. 

[5] USBR – US Bureau of Reclamation, editor (2013). Design of Double-Curvature Arch 
Dams Planning, Appraisal, Feasability Level. Technical Memorandum No. EM36-86-
68110. 

[6] GiD the personal pre and post processor. http://www.gidhome.com/, June 2017. 
[7] Dadvand, P., Rossi, R., and Oñate, E. (2010). “An Object-oriented Environment for 

Developing Finite Element Codes for Multi-disciplinary Applications”. Archives of 
Computational Methods in Engineering. 17, 253–297. 

[8] Vicente, D.J., San Mauro, J., Salazar, F. and Baena, C. M. (2017). An Interactive Tool for 
Automatic Predimensioning and Numerical Modeling of Arch Dams. Mathematical 
Problems in Engineering, vol. 2017, Article ID 9856938, doi:10.1155/2017/9856938 

[9] Shiyong, W., Manbin, S., y Jian, W. (2010). Jinping hydropower project: main technical 
issues on engineering geology and rock mechanics. Bull Eng Geol Environ, 69(3): 325-
332. 

[10] Degoutte, G. (2002). Small Dams, Guidelines for Design, Construction and Monitoring. 
French Comittee on Large Dams. Ed. Cemagref editions (France). ISBN: 2-85362-551-6. 

[11] USBR – US Bureau of Reclamation, editor (1977). Design Criteria for Arch and Gravity 
Dams – Engineering Monograph Nº19. US Government Printing Office, Denver, 
Colorado, USA. 

710



[12] MAPAMA – Ministerio de Agricultura y Pesca, Alimentación y Medio Ambiente, 
website (2017). Inventario de presas y embalses. 
<http://www.mapama.gob.es/es/agua/temas/seguridad-de-presas-y-embalses/inventario-
presas-y-embalses/http://www.magrama.gob.es/>. {Last access 2017-07-17} 

[13] Vallarino, E. (1998). Tratado Básico de Presas – Tomo I (4ª Edición). Ed. Colegio de 
Ingenieros de Caminos, Canales y Puertos. ISBN: 84-380-0144-0 (In Spanish). 

[14] Santillán, D., Salete, E., Vicente, D. J., y Toledo, M. Á. (2014). Treatment of solar 
radiation by spatial and temporal discretization for modeling the thermal response of arch 
dams. Journal of Engineering Mechanics, 140(11), 05014001. 

[15] Castilho, E.M., Schclar Leitao, N. and Tiago C. (2013). Thermal analysis of concrete 
dams during construction. Second International Dam World Conference, Lisbon, 
Portugal, LNEC, 21-24 April. 

[16] Tatin, M., Briffaut, M., Dufour, F., Simon, A., and Fabre, J. P. (2015). Thermal 
displacements of concrete dams: accounting for water temperature in statistical 
models. Engineering Structures, 91, 26-39 

[17] Andersson, O. and Seppälä, M. 2015. Verification of the response of a concrete arch dam 
subjected to seasonal temperature variations. MSc Thesis, TRITA-BKNExamensarbete 
458, Department of Civil and Architectural Engenering, KTH Royal Institute of 
Technology, Stockholm, Sweden, 89p. 

[18] FERC – Federal Energy Regulatory Commission Division, editor (1999). Engineering 
Guidelines for the Evaluation of Hydropower Projects, Chapter 11 – Arch Dams. RIDM 
–Regulations, Guidelines and Manuals. Comission of Dam Safety and Inspections 
Washington, DC 20426. 

[19] Bofang, Z. (1997). Prediction water temperature in deep reservoirs. Dam Eng., 8(1), 13–
25. 

[20] Gracia, L., Salazar, F. and Larese, A. (2016). Development of a Computational Tool for 
Structural Verification of Dams. Monographs of the International Center for Numerical 
Methods in Engineering (CIMNE) (2016). URL 
https://www.scipedia.com/public/Larese_2016a. 

[21] Pan, J. (2015). Collapse Modeling of a Masonry Arch Dam Using the Cohesive Interface 
Elements. Mathematical Problems in Engineering, 2015. Article ID 139586, 
http://dx.doi.org/10.1155/2015/139586. 

[22] Friedman, J., Hastie, T., & Tibshirani, R. (2001). The elements of statistical learning 
(Vol. 1). Springer, Berlin: Springer series in statistics. 

[23] Breiman, L. (2001). Random forests, Machine learning 45(1) (2001) 05-32. 
[24] Salazar, F., Toledo, M. Á., González, J. M., and Oñate, E. (2017) Early detection of 

anomalies in dam performance: A methodology based on boosted regression trees. Struct. 
Control Health Monit., doi: 10.1002/stc.2012. 

[25] Salazar, F., Toledo, M. Á., Oñate, E., & Suárez, B. (2016). Interpretation of dam 
deformation and leakage with boosted regression trees. Engineering Structures, 119, 230-
251. 

[26] Strobl, C., Boulesteix, A.L., Kneib, T., Augustion, T, Zeileis, A. (2008). Conditional 
variable importance for random forests. BMC Bioinformatics 2008, 9:307 

[27] Rocha, M. (1964). Statement of the physical problem of the arch dam. Proceedings. 
Symposium on the Theory of Arch Dams. Southampton. 1964.  

[28] Shaw, Q., Becerik, M.U. (2016). Structural Design to Accommodate Challenging Rock 
Mass Conditions at Yusufeli Dam. 10th ICOLD European Club Symposium, Antalya, 
Turkey, 2016. 
 

711




	Preface
	Introduction
	Background
	Organization
	14th Benchmark Workshop
	Technical Program
	Sponsors
	Summary of the Benchmark Workshop

	Theme A
	Synthesis Theme A
	Appended papers - Theme A
	Enzell J. and Tollsten M.
	Roth S.N. and Dolice D.M
	Hassanzadeh M. and Ferreira D.
	Schclar Leitão N., Monteiro Azevedo N., Castilho E., Braga Farinha L. and Câmara R.
	Lie R., Aasheim E.E. and Engen M.
	Popovici A., Sârghiuta R., Ilinca C. and Anghel C.
	Tzenkov A., Frissen C. and Santurjian O.
	de-Pouplana I., Gracia L., Salazar F. and Oñate E.
	Mouy V., Molin X., Fray S., Oukid Y. and Noret C.
	Gasch T. and Ericsson D.
	Goldgruber M. and Lampert R.
	Shao C., Manso P.A., Gunn R., Pimentel M. and Schleiss A.J.
	Shahriari S., Lora F. and Zenz G.
	Hjalmarsson F. and Pettersson F.
	Frigerio A. and Mazzà G.
	Varpasuo P.


	Theme B
	Synthesis Theme B
	Appended papers - Theme B
	Valente S. and Capriulo C.
	Salamon J. and Manie, J.
	Faggiani G. and Masarati P.
	Robbe E. and Miot M.
	Gracia L., de-Pouplana I., Salazar F. and Oñate E.
	Kollatou A.M. and Dakoulas P.
	Teodori S.-P., Conrad M., Partovi M., Rohrer C., Schreppers G.-J.
	Fray S., Low C., Molin X. and Noret C.
	Staudacher E. and Zenz G.
	Mitovski S., Kokalanov G., Petkovski L., Tancev L. and Veleski G.



	Theme C
	Synthesis Theme C
	Appended papers - Theme C
	Chugh A.K.
	Mejia L.H. and Hoffmann C.C.
	Toromanovic J., Laue J. and Knutsson S.
	Bakeš M. and Minárik M.
	Kainrath A. and Tschernutter P.


	Theme D
	Synthesis Theme D
	Appended papers - Theme D
	Marence M. and Evangeliou P.
	Meghella M. and Polidoro F.
	Pereira R., Batista A.L. and Neves L.C.
	Goldgruber M., Lampert R. and Hinterdorfer D.
	Hovde E., Strand M., Konow T. and Engseth M.
	González-Canales J.L., Escuder-Bueno I. and Morales-Torres A



	Open Theme
	Appended papers - Open Theme
	Hovde E., Engseth M., Konow T. and Kristiansen S.A.
	Escuder-Bueno + I., Morales-Torres A. and Castillo-Rodríguez J.T.
	Schlegel R., Goldgruber M., Mrozek M. and Fleischer H.
	Konow T. and Strand M.
	Verrucci L., Lanzo G., Pagliaroli A. and Scasserra G.
	Verret D. and Péloquin É.
	Hammami M., Cottereau R., Frossard E., Molin X.
	Simon A., de Granrut M., Dias D., Guilloteau T.
	Buffi G., Manciola P., De Lorenzis L., Gusella V., Mezzi M., Tamagnini C., Gambi A.
	Roy M., Andrian. F. Mathieu G. and Yziquel A.
	Salazar F., San Mauro, J., Vicente D.J., Baena, C.M., Granell, C., Gracia, L. de- Pouplana, I. and Oñate, E.
	de Granrut M., Simon A., Dias D. and Guilloteau T.
	Guo X., Baroth J., Dias D. and Simon A.
	Salazar F., Toledo, M.Á., Vicente D.J.




