
Sliding stability re-
assessment of concrete 
dams with bonded 
concrete-rock 
interfaces 

ALEXANDRA KROUNIS 

 

 

 

 

 

 

 

 

 

 

 

 
Doctoral Thesis, 2016 

KTH Royal Institute of Technology 

Architecture and the Built Environment 

Department of Civil and Architectural Engineering 

Soil and Rock Mechanics Division 

SE-100 44, Stockholm, Sweden 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trita-JoB 2031 

ISSN 1650-951X 

ISBN 978-91-7595-907-8 

 

© Alexandra Krounis, 2016 

 

Akademisk avhandling som med tillstånd av KTH i Stockholm framlägges till offentlig 

granskning för avläggande av teknisk doktorsexamen onsdagen den 4:e maj kl. 13:00 i 

Kollegiesalen, KTH-huset, Brinellvägen 8, Stockholm. Avhandlingen försvaras på engelska. 

 





 

Abstract 

The shear strength of the concrete-rock interface is an important 

parameter in sliding stability analyses of concrete dams founded on rock 

and depends, in addition to the normal stress state, on the bonding 

conditions of the interface; concrete-rock interfaces can be either 

unbonded, partially bonded or fully bonded.  

In the Swedish guidelines for dam safety all dam-foundation contacts 

are treated as unbonded. This has the benefit of eliminating all 

uncertainties related to the cohesive strength of bonded contacts but it 

might also lead to unnecessary strengthening of dams. Other national 

guidelines deal with the uncertainties related to cohesion by applying 

higher safety factors, mainly determined based on previous experience, 

when both cohesion and friction are taken into account. 

The main objective of this project is to study if and how cohesion can be 

included when evaluating the shear strength of bonded or partially bonded 

interfaces. To accomplish this, uncertainties associated with cohesion are 

identified and their influence on the assessed stability is investigated. 

The results show that the influence on the assessed sliding stability is 

strongly dependent on the magnitude of the involved uncertainties that 

might vary significantly for different dams. It is thus questionable if one 

safety factor applicable for all dams can be established for use in 

deterministic analyses.  

Taking into account cohesion when reliability methods are used is 

somewhat less complicated because of the possibility of directly 

incorporating the uncertainties in the analysis. The main challenge in such 

cases is the quantification of the involved uncertainties due to lack of 

proper data and, in some cases, knowledge. In this thesis, a framework for 

quantification of parameter uncertainty is suggested and the model error 

due to brittle failure in combination with spatial variation in cohesion is 

analysed. Areas that require more research to further refine the analysis 

are also identified. 

 

Keywords: concrete dams, sliding stability, cohesion, shear strength, 

uncertainty, bond 

 





 

Sammanfattning 

Skjuvhållfastheten i betong-berggränssnittet är en avgörande faktor vid 

glidstabilitetsutvärderingar av befintliga betongdammar grundlagda på 

berg och beror dels på normalspänningsfördelningen och dels på 

kontaktytans status med avseende på vidhäftning, vilken kan delas in i tre 

separata fall; då vidhäftning existerar och kohesion medräknas (intakt), då 

vidhäftning aldrig funnits eller förlorats (bruten), samt en kombination av 

föregående (delvis intakt). 

I RIDAS, de svenska riktlinjerna för dammsäkerhet, behandlas alla 

berg-betonggränssnitt som brutna. Detta förhållningssätt har fördelen att 

det utelämnar all osäkerhet förknippad med intakta kontaktytors kohesion 

men det kan också resultera i icke nödvändiga förstärkningar av dammar. 

I andra nationella riktlinjer för dammsäkerhet beaktas osäkerheterna 

förknippade med kohesion genom att högre säkerhetsfaktorer, i huvudsak 

bestämda baserat på erfarenhet, tillämpas då både kohesion och friktion 

används vid beräkning av kontaktytans skjuvhållfasthet. 

Det övergripande syftet med detta doktorandprojekt är att studera om 

och hur kohesion kan medräknas vid stabilitetsutvärderingar av befintliga 

betongdammar med helt eller delvis intakta betong-berggränssnitt. För att 

uppnå detta, identifieras osäkerheter förknippande med kohesionen och 

deras inverkan på den bedömda glidstabiliteten utvärderas. 

Resultaten från projektet visar att osäkerheternas inverkan på den 

uppskattade glidstabiliteten är starkt beroende av osäkerheternas storlek, 

vilken varierar för olika dammar. Det är således tveksamt om en 

säkerhetsfaktor giltig för alla dammar kan bestämmas för användning i 

deterministiska stabilitetsanalyser. När sannolikhetsbaserade metoder 

används kan osäkerheterna införlivas direkt i analysen. Kvantifieringen av 

osäkerheterna förknippade med ett specifikt fall utgör då den huvudsakliga 

utmaningen. I denna avhandling presenteras ett ramverk för att uppskatta 

de statistiska parametrarna hos de ingående variablerna. Dessutom 

studeras modellosäkerheten förknippad med intakta gränssnitts spröda 

brott i kombination med kohesionens rumsliga variation i detalj. Områden 

som fordrar ytterligare forskning i syfte att förbättra analysen identifieras 

också. 

 

Nyckelord: betongdammar, glidstabilitet, kohesion, skjuvhållfasthet, 

osäkerhet, vidhäftning 
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1. Introduction 

1.1. Background 

In Sweden there are a great number of concrete dams. Most are 

hydropower dams that have been in service for over 50 years. The 

increasing age of the dams, with its associated problems, for example 

deterioration in structural integrity and foundation, and new regulations, 

due to climate changes and increased knowledge, demand a re-assessment 

of their safety. One of the failure modes considered in dam safety re-

assessment of concrete dams founded on rock is sliding at the dam-

foundation interface. Sliding failure is assumed to occur when the applied 

load exceeds the shear strength of the sliding plane. Determining the shear 

strength of the concrete-rock interface is thus a key task. 

The shear strength of concrete-rock interfaces depends, in addition to 

the normal stress state, on its bonding conditions. Dam-foundation 

interfaces can be either unbonded, partially bonded or fully bonded. 

Nonetheless, in the Swedish power companies’ guidelines for dam safety, 

RIDAS (Swedenergy 2012), all concrete-rock interfaces are treated as 

unbonded, i.e. the effect of cohesion is not included when evaluating the 

shear strength of the interface, regardless of whether tests at a specific site 

indicate that parts of the interface are bonded. This is a conservative 

approach that has the advantage of eliminating all uncertainties related to 

cohesion (Fig. 1.1). It does, however, also have the disadvantage of 

underestimating the shear strength of bonded interfaces and could thus 

lead to expensive and unnecessary strengthening of dams. According to 

Ruggeri et al. (2004) the aforementioned approach, where the cohesive 

strength is not included when evaluating the overall shear resistance of the 

interface, is only adopted in the Swedish and Italian guidelines. In other 

national regulations/guidelines, it is instead common to refer to higher 

target values for the factor of safety when the contribution from cohesion 

is included in the estimated shear strength of the interface (e.g. FERC 

2002, NVE 2002, CDA 2007) or to apply separate, higher partial safety 

factors to cohesion than to the frictional component. The latter technique
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has according to Ruggeri et al. (2004) been adopted in the Spanish, 

Portuguese, Chinese, Indian, French, and Swiss regulations. Still, the 

higher reduction factors applied to the cohesive component and the higher 

target values of global safety factors are mainly determined based on 

experience and not on actual knowledge regarding the influence of the 

model and parameter uncertainties associated with the shear strength of 

bonded contacts on the assessed safety of the dam. This raises the question 

of the adequacy of the different methods for dealing with the shear strength 

of bonded contacts.  

 

 

 

Figure 1.1 Illustration 0f uncertainties associated with the cohesive 

strength of bonded dam-foundation contacts of concrete dams founded 

on rock. 
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1.2. Objective of the thesis 

The main objective of this research project is to study if and how cohesion 

can be included when evaluating the shear strength of completely or 

partially bonded concrete-rock interfaces for use in sliding stability 

analyses of concrete dams. In order to accomplish this, it is necessary to: 

 identify the sources of uncertainty related to the cohesive strength 

of bonded interfaces, 

 present methods for quantification of the involved uncertainties, 

and 

 evaluate their impact on the assessed future performance of the 

studied structure. 

1.3. Outline of the thesis 

This thesis consists of an introductory section (Chapters 1-7), three 

appended conference papers (Papers I, II and IV), one appended paper 

published in a peer-reviewed international journal (Paper III),  one 

appended paper submitted to a peer-reviewed international journal 

(Papers V), and one appended paper accepted for publication in a peer-

reviewed international journal (Paper VI) 

The main purpose of the introductory section is to provide the reader 

with a broader background to the theories and methods adopted within the 

project. Moreover, the main results obtained in the different parts of the 

study, described in detail in the appended papers, are presented and 

discussed with regard to the primary objective of the project.  

In the first chapter of the introductory part, Chapter 1, the background 

and objective of this study are presented. 

In Chapter 2, a short description is given of the deterministic stability 

analysis techniques widely used throughout the world for dam safety 

evaluations. Probabilistic methods are briefly introduced and the strength 

and weaknesses of the two approaches and the differences between them 

are also discussed. 

In Chapter 3, two existing criteria for partially bonded concrete-rock 

interfaces are described and compared. In addition, a review of tests 

performed on concrete-rock interfaces reported in the literature and a 

more detailed description is presented of the shear tests performed within 
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this project to improve understanding of the shear behaviour of partially 

bonded concrete-rock interfaces.  

Chapter 4 describes and discusses the model error due to the brittle 

failure of bonded contacts that, in combination with the spatial variation 

in cohesion over the concrete-rock interface, could result in failure of 

interfaces that appear stable when only the mean values are taken into 

account. 

Sources of uncertainty associated with the evaluation process of design 

values representative of an engineering property are presented in detail in 

Chapter 5. In addition, the impact of the limited numbers of tests usually 

performed to estimate the shear strength properties of the concrete rock 

interface on the assessed sliding stability, is also investigated.  

In Chapter 6, the main findings from the study are discussed followed 

by conclusions and suggestions for further research in Chapter 7. 

1.4. Extent and limitations 

This thesis focuses on conventional concrete gravity dams founded on rock 

in static loading conditions. No attention has been paid to seismic loading. 

Sliding failure of a concrete dam founded on rock will occur in the 

weakest sliding surface. This might be in lift joints in the concrete dam, in 

weakness planes in the foundation or in the interface between dam and 

foundation. This thesis deals with sliding stability in the interface between 

dam and foundation and does not look at sliding in any other potential 

critical surface. Furthermore, overturning of the dam and overstressing of 

the material capacity are not considered. 
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2. Methods for sliding stability re-assessment  

2.1. Background 

Dam safety analysis of existing dams is traditionally conducted using 

deterministic techniques. The basic principle in the deterministic analysis 

is to design the structure with a sufficient safety margin, so that any 

uncertainties in the assessment of either the resistance or the load do not 

threaten to cause failure (Elishakoff 2004). Hence, decision-making is in 

general based on comparisons between the calculated factor of safety, often 

defined as the ratio between the average resistance and the average applied 

load, and the allowable factor of safety determined on the basis of 

experience and engineering judgement and presented in the pertaining 

regulations/guidelines.  

Unfortunately, conventional deterministic analysis requires a single 

representative fixed value of each input parameter. It fails therefore to 

properly reflect the degree of uncertainty inherent to various inputs and 

processes in most engineering problems. As a result, a larger factor of 

safety does not necessarily imply a smaller risk, because its effect can be 

negated by the presence of larger uncertainties in the design environment 

(e.g. Silva et al. 2008). Furthermore the allowable values have in general 

not been calibrated against a uniform safety level.  

To overcome the aforementioned inconsistencies, probabilistic 

methods, such as risk and reliability-based assessment, may be introduced. 

They have the advantage of providing a framework for dealing with 

uncertainties associated with a given problem to achieve a desired level of 

safety. Nonetheless, disadvantages can also be linked to probabilistic 

methods. The lack of proper information and data is a major such 

disadvantage that complicates the use of the method in practical situations. 

The difficulty of dealing with only one hazard, since decision-making shall 

be based on the total tolerable risk, is another.  

Within the field of dam engineering, probabilistic methods have not 

been extensively used. However, interest has increased significantly in the 

last decade, starting with the guideline on risk assessment in dam
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safety published in 2005 by the International Commission on Large Dams 

(ICOLD 2005). Other safety regulations and guidelines that suggest or 

allow risk assessment, mainly as an enhancement to the traditional 

approaches for important decisions on dam safety, include ANCOLD 

(2003), USBR (2011), SPANCOLD (2013), and USACE (2014). Moreover, 

a reliability-based approach was implemented in the China Electricity 

Council guidelines (Ruggeri et al. 2004). In addition, at KTH Royal 

Institute of Technology in Sweden, on behalf of Elforsk, a project that aims 

at developing a reliability-based model code for stability assessment of 

concrete dams is currently ongoing (Westberg Wilde and Johansson 2015). 

In the longer term, the results of this project may possibly form the basis 

of Swedish reliability-based guidelines. 

It should also be mentioned that probability-based methods can be used 

to calibrate partial factors used in semi-probabilistic model codes, e.g. 

EN1990 Eurocodes in order to ensure the appropriate level of safety. A 

semi-probabilistic method for dam assessment has been implement in the 

latest French guidelines (CFBR 2013).  

In the following, a short description is provided of the deterministic 

stability analysis techniques widely used throughout the world for dam 

safety evaluations. A short introduction to probabilistic methods is then 

given that includes a brief survey of the interpretation of probability used 

in modern structural reliability analysis and an overview of the techniques 

used within this research project for assigning probabilities. 

2.2. Deterministic methods 

2.2.1. Sliding resistance method 

The oldest criterion for sliding stability assessment of concrete dams is the 

sliding resistance method. Safety is assessed by comparing a coefficient of 

friction 𝜇 = tan 𝜙 calculated by dividing the sum of the forces parallel to 

the sliding plane  ∑ 𝐻 by the sum of the effective forces normal to the 

sliding plane ∑ 𝑉′ to an allowable coefficient of friction 𝜇all: 

  

𝜇 =
∑ 𝐻

∑ 𝑉′
≤ 𝜇all (2.1) 

  
The sliding resistance method, according to USACE (1981), was used in the 

US between the 1910s and 1930s and is still recommended in the Swedish 
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guidelines for concrete dams RIDAS (Swedenergy 2012). Table 2.1 shows 

𝜇all recommended in RIDAS for dams founded on good quality rock and 

the corresponding friction angles 𝜙. 

Table 2.1 Recommended allowable coefficient of friction and 

corresponding friction angles (Swedenergy 2012). 

Load case 𝜇all (-) 𝜙 (°) 

Normal  0.75 37 

Exceptional 0.90 42 

Accidental 0.95 43.5 

Failure value 1 45 

 

2.2.2. Limit equilibrium method 

A study conducted by Ruggeri et al. (2004) showed that the currently most 

popular and accepted deterministic method for assessing the sliding 

stability of concrete dams is the limit equilibrium method (LEM). In LEM, 

the studied structure is considered to be a rigid body that is allowed to slide 

along critical surfaces and safety is assessed by evaluating the force 

balance. Considerations regarding displacements and stress location are 

excluded. The dam is considered stable with regard to sliding when the 

resultant shear stress required for equilibrium 𝜏 is lower than the available 

shear strength 𝜏F. Hence, the factor of safety 𝐹𝑆 is determined as the ratio 

between these quantities: 

  

𝐹𝑆 =
𝜏

𝜏F

 (2.2) 

  
In dam safety guidelines/norms where LEM is implemented for sliding 

stability assessments and re-assessments, several approaches for 

determining allowable 𝐹𝑆 can be distinguished, depending for instance on 

the consequences of dam failure, whether or not the cohesive strength is 

taken into account and/or if the input data is based on literature or testing. 

Typical recommended values of allowable 𝐹𝑆 based on a summarization by 

Ruggeri et al. (2004) are shown in Table 2.2.  
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Table 2.2 Typical recommended factors of safety with regard to sliding 

at the concrete-rock interface (adopted from Ruggeri et al. 2004). 

  Allowable factor of safety 

  Usual loads Unusual loads Extreme loads 

France 

(1) 4 2.7 - 
(2) 1.33 1.1 1.05 
(3) 1.5 1.2 1.0 

Germany  1.2÷1.5 1.2÷1.3 1.2 

Austria  1.5 1.2÷1.35 1.1 

Switzerland (4) 1.5 1.3 1.1 

Norway (4) 1.5 1.1 1.1 

Canada- CDA (5) 1.5 1.3 1.0 
(6) 3.0 2.0 1.3 

United 
Kingdom 

 3.0 2.0 1.0 

US - USBR  3.0 2.0 1.0 
(1) Barrages en amenagement rural;   (2) EDF;   (3) Coyne et Bellier;   (4) When cohesion is 
assumed =0;   (5) Residual strength;   (6) Peak strength (no tests) 
 

2.2.3. Deformable body method 

As mentioned previously, in LEM considerations regarding displacements 

and stress location are excluded and uniform shear strength is commonly 

assumed for the concrete-rock interface. Still, as a rule, a concrete dam is 

not a monolithic body working in elastic stage. Deformable body methods 

(DBM), where deformations and stresses within the sliding body can be 

calculated and taken into account, have therefore also been developed. The 

technique is mostly operational in finite element codes and safety is 

generally evaluated through estimation of the available safety margin.  

Two of the major benefits of DBM are that numerical models can handle 

more complex geometries and that various constitutive relations can be 

employed. The constitutive models usually adopted for sliding stability 

evaluation of concrete dams are of the Mohr-Coulomb type (e.g. Foster and 

Jones 1994, Dawson et al. 1998, Liu et al. 2003, Wei et al. 2008, Jia et al. 

2011, Sun et al. 2011, Chen and Du 2011). Nonetheless, in recent decades, 

linear elastic and non-linear fracture mechanics models (LEFM and 

NLFM, respectively) governed by fracture toughness and fracture energy 

have also been implemented (e.g. Ebeling et al. 1997, Kishen, 2005, 

Saouma 2006). 
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2.3. Probabilistic methods 

2.3.1. Introduction 

Probabilistic methods are generally divided into different groups 

depending on the level of information available for decision-making. In 

risk-based approaches, the decisions shall be optimized with due 

consideration of the total risks, considering injuries and loss of life, damage 

to the qualities of the environment and monetary losses (ISO 2394, 2015). 

The main elements of risk-based safety assessment are shown in a 

simplified diagram in Fig. 2.1. The process includes the main elements of 

risk assessment and risk control. Risk control involves implementing risk 

management decisions while risk assessment primarily involves a 

comparison of the estimated risks with tolerable risk guidelines, conducted 

in order to reach a decision regarding the safety of the studied structure. 

The inputs in risk assessment are the outputs of the risk analysis and risk 

evaluation processes. 

Risk-based approaches are not explicitly used within this research 

project. A deepening within the subject is therefore beyond the scope of 

this thesis. Interested readers are referred to risk-based dam safety 

guidelines (e.g. ANCOLD 2003, USBR 2011, SPANCOLD 2013, USACE 

2014) and publications dedicated to risk analysis of concrete dams such as  

 

 

 

Figure 2.1 Illustration of the risk management process. 
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Hartford and Baecher (2004) and Altarejos et al. (2009). Other relevant 

documents are the ones employed in the Netherlands (Vrijling et al. 1995 

and 2005) due to their legal status, and the British guidelines (HSE 2001). 

When the consequences of failure and damage are well understood 

reliability-based assessments can be applied instead of full risk 

assessments. Reliability-based assessments are conducted in a similar way 

to risk assessment but potential consequences are not evaluated for each 

specific case. Instead, decision-making is based solely on comparisons of 

the estimated probability of failure or reliability, defined by Holický (2008) 

as the ability of the structural element to fulfil the specified requirements 

for which it has been designed during a given period of time, with a 

specified target value. A core task in reliability-based approaches is, 

consequently, to specify target values representative of all potential 

consequences and calibrated against structures with known acceptable 

reliability.  

2.3.2. Reliability-based methods in sliding stability assessment of 

concrete dams 

Reliability-based approaches have not been widely implemented in dam 

safety guidelines. A number of publications where the sliding failure mode 

is studied using probabilistic methods have however been published.  

To the author´s knowledge, Bury and Kreuzer (1985) were the first to 

publish a paper where a probabilistic failure analysis of the sliding failure 

mechanism of a concrete dam was performed. The aim of the paper was to 

illustrate the method. Baylosis and Bennett (1989) evaluated the 

probability of failure of an existing 146m high concrete gravity dam while 

Araújo and Awruch (1998) presented a methodology for probabilistic 

analysis of concrete gravity dams where concrete properties and seismic 

excitation were considered random variables. Ellingwood and Tekie (2001) 

and Tekie and Ellingwood (2003) introduced the concept of fragility 

modelling as a tool for risk-based policy development and management of 

concrete gravity dams. Jeppsson (2003) made use of an existing dam as a 

case in order to investigate the possibility of applying reliability theory to 

safety assessment. In 2005, Yanmaz and Beser used Monte Carlo 

simulations to calculate the probability of failure of the 50 m high Porsuk 

Dam and in 2006 Saouma presented two methods for obtaining the 

reliability index of a concrete dam based on numerical NLFM. Carvajal et 

al. (2007) proposed methods for probabilistic assessment of hydraulic 
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loads and shear strength in order to perform reliability-based analyses of 

concrete gravity dams. The paper highlighted the difficulty in evaluating 

the variability of parameters required in stability analysis. Lupoi and Callri 

(2009, 2012) presented a methodology for seismic assessment of existing 

concrete dams based on probabilistic finite element analyses. The results 

were presented in terms of fragility curves for the whole system and for 

each failure mechanism. 

In her licentiate and doctoral theses, Westberg studied the use of 

structural reliability analysis (SRA) for concrete dams. The work presented 

in the licentiate thesis (Westberg 2007) focused on describing how SRA 

can be used for assessment of concrete dams and how it fits into the dam 

safety risk management process. The present state of knowledge of 

relevant statistic information on resistance and load parameters was also 

addressed. The doctoral thesis (Westberg 2009) dealt mainly with the 

definition of the headwater and uplift pressure. The thesis was in part 

based on the study of the system reliability of a spillway structure 

consisting of two monoliths, presented in detail by Westberg Wilde and 

Johansson (2013). 

Significant contributions to the development of reliability analyses 

within the field of sliding stability assessment of concrete dams have also 

been provided by Altarejos and his co-researchers. In 2009, Altarejos et al. 

presented an application example for risk analysis techniques where the 

sliding stability along the dam-foundation contact was assessed using 

second moment method and Monte Carlo simulations. The paper pointed 

out the friction angle and cohesion as the most important variables. 

Altarejos-Garcia et al. (2012) focused on the estimation of the conditional 

probability of response of the dam-reservoir system of concrete dams using 

complex behaviour models based on numerical simulation techniques 

together with reliability techniques. In 2015 Altarejos-Garcia et al. 

presented a strategy for analysing the sliding along the dam-foundation 

contact for concrete gravity dams with a reliability approach, considering 

explicitly the spatial variability of the strength parameters.  

Other papers within the subject include Su et al. (2013) that proposed a 

model to assess the failure probability of overall systems of existing dams 

and Spross et al. (2014) who studied the use of pore pressure 

measurements in safety reassessments of concrete dams founded on rock. 

Within this research project, reliability-based approaches were applied 

for sliding stability analyses of concrete dam monoliths in Papers I, II, IV, 
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and V. In the following, the interpretation of probability used in reliability-

based analyses is discussed followed by an overview of the techniques used 

within this research project for assigning probability. For more detailed 

descriptions of the different techniques, readers are directed to textbooks 

on structural reliability, such as Melchers (1999) and Baecher and 

Christian (2003). 

2.3.3. Definition of probability  

The probability of an event occurring is a ‘scientific measure’ of chance 

which quantitatively expresses its likelihood (Andrews and Moss 2002). 

Nevertheless, the variety of approaches to probability of any event is vast 

and complex. The classical approach to probability originates from the 

days when probability calculus was founded by Pascal and Fermat and the 

probability 𝑃(𝐴) of the event 𝐴 is obtained by considering the number of 

ways in which it is theoretically possible for an event to occur (e.g. Faber 

2007). Therefore, for event 𝐴: 

  

𝑃(𝐴) =  
𝑛𝐴

𝑛tot

 (2.3) 

  
where 𝑛A is the number of equally likely ways by which an experiment may 

lead to 𝐴 and 𝑛tot the total number of equally likely ways in the experiment. 

In frequentistic interpretation, the probability 𝑃(𝐴) is the relative 

frequency of occurrence of the event 𝐴 as observed in an experiment with 

𝑛 trials as 𝑛 approaches infinity: 

  

𝑃(𝐴) = lim 
𝑁𝐴

𝑛exp

 for  𝑛exp → ∞ (2.4) 

  
where 𝑁𝐴 is the number of times that the event occurs and 𝑛exp the number 

of experiments that are carried out. Faber (2007) points out two main 

differences between the classical and frequentistic approaches: (1) in the 

classical interpretation the experiments do not need to be carried out as 

the answer is known in advance; and (2) the classical theory gives no 

solution unless all equally possible outcomes can be derived. 

Another way of approaching probability is the Bayesian interpretation. 

The probability 𝑃(𝐴) of the event 𝐴 is then formulated as a degree of belief 

that 𝐴 will occur: 
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𝑃(𝐴) = degree of belief that 𝐴 will occur (2.5) 
  

The degree of belief is based on the knowledge and data available at the 

time. The estimated probability may therefore change as knowledge and 

information change. Vrouwenvelder (2002) stated that: “The Bayesian 

interpretation does not claim that probabilities are direct and unbiased 

predictors of occurrence frequencies that can be observed in practice. The 

only claim is that, if the analysis is carried out carefully, the probabilities 

will be correct if averaged over a large number of decision situations. The 

requirement to fulfil that claim, of course, is that the purely intuitive part 

is neither systematically too optimistic nor systematically too 

pessimistic.” 

Modern structural reliability and risk analysis is based on the Bayesian 

interpretation of probability (e.g. Faber 2007). It follows that calculated 

probabilities should not be interpreted as a direct and unbiased prediction 

of the failure frequency of the studied structure (e.g. Vrouwenvelder 2002). 

2.3.4. Quantification of probability 

Component probability of failure is the probability of failure of one single 

structural component that has one dominating failure mode. To quantify 

component probability of failure, the investigated failure mode needs to be 

described by a safety margin, denoted by 𝐺(𝑿) where 𝑿 is a set of basic 

variables, i.e. physical quantities that characterize actions and 

environmental influences, material and soil properties and geometrical 

quantities. Failure is then defined by the event 𝐺(𝑿) ≤ 0 and the 

probability of failure 𝑃f may be assessed through: 

  

𝑃f = 𝑃(𝐺(𝑿) ≤ 0) = ∫ 𝑓𝑿(𝑥)𝑑𝑥
𝐺(𝑿)≤0

 (2.6) 

  
where 𝑓𝑿(𝑥) is the multivariate density function of 𝑿. If 𝐺(𝑿) can be 

approximated using a normal distribution, the reliability index 𝛽 can be 

estimated according to: 

  
𝛽 = −Φ−1(𝑃f) (2.7) 
  

where Φ is the standard normal cumulative distribution functions 

evaluated at zero with mean equal to the reliability index 𝛽 (Fig. 2.2).  
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Figure 2.2 Relationship between 𝑃𝑓 and 𝛽 based on Eq. 2.7.  

The primary purpose of probability/reliability quantification methods is to 

evaluate the multidimensional integral in Eq. 2.6. Several methods exist 

for doing this. In appended Paper II, a comparison was carried out between 

three different techniques with different levels of detailing for application 

in concrete dam sliding stability re-assessments, namely the Taylor’s series 

method, the Hasofer -Lind method and Monte Carlo simulations (MCS).  

MCS includes all the information of the probability density function and 

provides the most accurate estimations of the probability of failure of the 

three aforementioned methods. The Taylor’s series method is a first order 

second moment method (FOSM) based on Taylor’s series expansion of the 

performance function about some point. A drawback with Taylor’s series 

method is its lack of failure function invariance as it introduces an error of 

unknown magnitude to the analysis. The method is therefore considered 

more inaccurate than both MSC and the method proposed by Hasofer and 

Lind (1974) that, due to a general definition of the reliability index, does 

not exhibit the invariance problem. In the method by Hasofer and Lind 

(1974), commonly referred to as first order reliability method (FORM), the 

limit state function is evaluated at a point known as the “design point”. The 

design point is a point on the failure surface that is generally not known a 

priori. In the general case, an iterative solution must be used to find the 

design point. 
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The results from the analysis performed in Paper II showed that, for the 

studied dam monolith, the Taylor series method underestimated the safety 

of the dam monolith for all load cases compared to both the Hasofer-Lind 

method and MCS (Table 2.3). The Hasofer-Lind method also 

underestimated the safety of the dam monolith compared to MSC for all 

load cases; however, the discrepancy was lower than for the results yielded 

by the Taylor series method.  

Table 2.3 The calculated conditional probability of failure 𝑃𝑓 and 

reliability index 𝛽 with regard to sliding for each water level over the 

foundation 𝐻𝑤 (from Paper II). 

 Taylor series Hasofer-Lind MSC 

𝐻w 𝑃f 𝛽 𝑃f 𝛽 𝑃f 𝛽 

75 m  0.0078 2.42 0.0023 2.83 0.0005 3.28 

78 m 0.0103 2.32 0.0033 2.71 0.0008 3.16 

80 m 0.0127 2.24 0.0044 2.62 0.0010 3.08 

82 m 0.0158 2.15 0.0059 2.52 0.0014 2.98 

85 m 0.0233 1.99 0.0106 2.31 0.0026 2.80 

 

A great advantage of the Hasofer-Lind method is nontheless its relative 

simplicity with which the sensitivity factors 𝛼 of the involved random 

variables can be determined. Given that the variables are statistically 

independent, the 𝛼-values give a measure of the relative importance of the 

uncertainty in the corresponding variable on 𝛽. Therefore, the Hasofer-

Lind method was applied in reliability-based analyses presented in 

appended Papers IV and V. 

2.3.5. Combination of probabilities 

The methods addressed in the previous section are generally used to 

characterize the reliability of a single element/component or failure mode. 

Most risk guidelines, however, relate to the total probability of failure. The 

individual probabilities estimated for different components, loading 

conditions, and failure modes therefore need to be combined. This results 

in systems of different components and/or failure modes.  

There are two basic types of systems: parallel systems and series 

systems. If failure in a single component does not result in failure of the 
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total system, then the system is a parallel system. A system is a series 

system when the total system fails as soon as one of its component fails.  

 Parallel system 

The probability of failure of a perfect parallel system is defined as the 

intersection of the individual failure events 𝐴𝑖: 

  

𝑃f = 𝑃 (⋂(𝐴)

𝑛

𝑖=1

) = 𝑃 (⋂{𝐺𝑖(𝑿) ≤ 0}

𝑛

𝑖=1

) = 𝑃(max 𝐺𝑖(𝑿) ≤ 0) (2.8) 

  
(Hohenbichler and Rackwitz 1983)  
  

However, if the components of the system are statistically correlated, the 

formulation of the system model must also take this into account. The 

effect of correlation on the system’s reliability is illustrated in Fig. 2.3. 

Estimating the exact jointed probability of failure of two or several 

correlated components can be very complicated. A common way of dealing 

with this is to use simple bounds. The probability of failure is then 

expressed by an upper and a lower bound with the real 𝑃f somewhere in the 

interval. For a parallel system the simple bounds are: 

  

∏ 𝑃(𝐴𝑖) ≤ 𝑃f ≤ min𝑖,𝑗=1
𝑛 (𝑃(𝐴𝑖))   for 𝜌𝑖𝑗 > 0

𝑛

𝑖=1

 (2.9) 

  
 

 

Figure 2.3 Venn diagram illustrating the probability of failure of a 

parallel system with two components, 𝐴1 and 𝐴2, in the sample space Ω, 

with different correlations. 
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If the system components are uncorrelated, i.e. 𝜌ij = 0, the lower bound is 

equal to zero. 

A disadvantage with simple bounds is that they are often so wide that 

they are of little use. An alternative is therefore to use more refined and 

narrow bounds, such as second order bounds called Ditlevsen bounds 

(Ditlevsen 1979): 

  

∏ 𝑃(𝐴𝑖)

𝑛

𝑖=1

≤ 𝑃f ≤ min𝑖,𝑗=1
𝑛 (𝑃(𝐴𝑖 ∩ 𝐴𝑗))  for 𝜌𝑖𝑗 > 0 (2.10) 

  
where the jointed probability of failure 𝑃(𝐴𝑖 ∩ 𝐴𝑗) can be evaluated by the 

bounds method or by numerical integration. 

In order to calculate 𝑃f of a parallel system, the after-failure behaviour 

of the individual components is of great importance since the event of 

failure of one component has an effect on the loading of the other 

components in the system. Components that have no strength after failure 

are said to be perfectly brittle, while components that have a load bearing 

capacity equal to the load at failure are said to be perfectly ductile. Parallel 

systems with perfectly ductile components are relatively easy to handle 

since the strength of the system 𝑅 can be determined based on the strength 

of the components using Eq. 2.11: 

  

𝑅 = ∑ 𝑅𝑖

𝑛

𝑖=1

 (2.11) 

  
where 𝑅𝑖 is the strength of component 𝑖.  

Systems with brittle components are more complicated to deal with 

since the failure of one component leads to a redistribution of loads that 

could result in subsequent failure of other components. If this is the case, 

the system behaviour is similar to that of a series system. The strength of 

systems with high degree of indeterminacy can, according to for example 

Thoft-Christensen and Baker (1982), be given by: 

  
𝑅 = max (𝑛𝑅1, (𝑛 − 1)𝑅2, ⋯ , 2𝑅𝑛−1, 𝑅𝑛) (2.12) 
  

where 𝑅1 < 𝑅2 < ⋯ < 𝑅𝑛. 
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 Series system 

The probability of failure for an ideal series system can be expressed 

according to Eq. 2.13: 

  
𝑃f = 𝑃(∪ 𝐴𝑖) = 𝑃(∪ {𝐺𝑖(𝑿) ≤ 0}) = 𝑃(min 𝐺𝑖(𝑿) ≤ 0) (2.13) 
  
(Hohenbichler and Rackwitz 1983)  
  

The simple bounds are given by: 

  

max𝑖=1
𝑛 𝑃(𝐴𝑖) ≤ 𝑃f ≤ 1 − ∏(1 − 𝑃(𝐴𝑖))

𝑛

𝑖=1

 (2.14) 

  
and the Ditlevsen narrow bounds are expressed according to: 

  

𝑃(𝐴𝑖) + ∑ max [(𝑃(𝐴𝑖) − ∑ 𝑃(𝐴𝑖 ∩ 𝐴𝑗)

𝑖=1

𝑗=1

) , 0]

𝑛

𝑖=2

≤ 𝑃f

≤ ∑ (𝑃(𝐴𝑖) − max
𝑗<𝑖

𝑃(𝐴𝑖 ∩ 𝐴𝑗))

𝑛

𝑖=1

 

(2.15) 

  
For series systems, the after-failure behaviour is irrelevant since failure will 

simply occur when the weakest element fails regardless of whether it is 

brittle or ductile.  
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3. Shear strength of concrete-rock interfaces 

3.1. Background 

Sliding failure is assumed to occur when the applied loads exceed the 

resistance of the potential failure surface. The shear strength of the 

concrete-rock interface is thus a key factor in stability assessments of 

concrete gravity dams founded on rock. In addition to the normal stress 

state of the interface, it also depends on the bonding conditions. A general 

overview of the constitutive models commonly adopted within the field of 

dam engineering for fully bonded, unbonded and partially bonded 

concrete-rock interfaces, generally based on existing models for the 

evaluation of shear strength along discontinuities of the rock mass, is 

provided in the following Section. This is followed by a literature review of 

tests performed on concrete-rock interfaces reported in the literature and 

a summarization of the shear tests performed at Luleå University of 

Technology (LTU) as part of this research project. 

3.2. Failure criteria  

3.2.1. Fully bonded interfaces 

For a well-constructed concrete structure, situated on a well prepared 

bedrock foundation, it may be an appropriate assumption to model 

concrete and rock as a continuum (e.g. Dawson et al. 1998, Donnelly and 

Rigbey 2003). In such cases, the Mohr-Coulomb failure criterion can 

provide a reasonable mean of establishing shear resistance when the 

involved parameters are determined within the applicable normal stress 

range. 

The Mohr-Coulomb failure criterion is based on the work of Coulomb in 

1776 and Mohr in 1882 and is, in terms of shear and normal stress on the 

plane of failure, expressed according to:  

  
𝜏F = 𝑐 + 𝜎N

′ tan 𝜙 (3.1) 
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Figure 3.1 Mohr-Coulomb criterion in terms of shear and normal stress 

on the plane of failure where 𝑐 is the intercept with the axis of the linear 

envelope and 𝜙 is the slope angle of the linear envelope of failure. 

where 𝜏F is the shear strength, 𝑐 the intercept of the straight line where the 

normal stress equals zero, commonly called the cohesion, 𝜎N
′  the effective 

normal stress acting on the failure plane and 𝜙 the friction angle of the 

failure plane (Fig. 3.1). 

The advantages of the Mohr-Coulomb failure criterion are its 

mathematical simplicity and clear physical meaning of the material 

parameters (e.g. Labuz and Zang 2012). There are, however, also several 

limitations associated with its use, such as the true failure envelope being 

curved and not a straight line as suggested by Eq. 3.1. Nevertheless, the 

Mohr-Coulomb failure criterion is still the most commonly adopted failure 

criterion for sliding stability analyses of concrete gravity dams (Ruggeri et 

al. 2004). 

3.2.2. Unbonded interfaces 

For unbonded interfaces, the linear Mohr-Coulomb criterion is only truly 

valid in the case of smooth, planar surfaces. Over the past decades, a 

number of criteria have therefore been developed to take into account the 

effects of roughness on the shear strength of unbonded rock 

discontinuities, including the bi-linear relationship by Patton (1966), the 

semi-empirical curved failure criterion by Ladanyi and Archambault 

(1970) and the empirical curved failure criterion by Barton and Bandis 

(1990). In this thesis, the bi-linear relationship proposed by Patton (1966) 
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was adopted for computing the shear strength of rough unbonded 

concrete-rock interfaces in order to take into account the contribution from 

large scale irregularities.  

Patton (1966) suggested, based on experimental studies on “saw-tooth” 

specimens, that during shearing under low effective stresses, the rock mass 

dilates due to sliding along the inclined surfaces of the “saw-tooth”. The 

shear strength of the discontinuity can then be expressed according to: 

  
𝜏F = 𝜎𝑁

′ ∙ tan(𝜙b + 𝑖) (3.2) 
  

where 𝜙b is the basic friction angle of a smooth but rough surface and 𝑖 is 

the angle of the “saw-tooth” with respect to the direction of the applied 

shear stress. At a certain level of normal stresses, the shear strength of the 

intact material is exceeded and shearing through the intact “saw-tooth” 

occurs instead. When this happens, Eq. 3.2 is changed into: 

  
𝜏F = 𝑐x + 𝜎𝑁

′ ∙ tan(𝜙r) (3.3) 
  

where 𝑐x is the cohesion when the teeth are sheared of at their base and 𝜙r 

is the residual shearing resistance of an initially intact material. The 

principle of the bi-linear failure envelope by Patton (1966) is shown in Fig. 

3.2. 

 

 
 

Figure 3.2 Bilinear envelope proposed by Patton (1966). 
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3.2.3. Partially bonded interfaces 

Based on the bonding states of concrete-rock samples collected at different 

dams, it is reasonable to assume that most dam-foundation contacts are 

partially bonded (e.g. Lo et al. 1990). Most guidelines/norms for dam 

safety, however, focus on completely bonded and/or unbonded sliding 

planes (e.g. USACE 2005, FERC 2002, CDA 2007, SwedEnergy 2012) and 

not much attention is given to partially bonded failure planes. Two criteria 

for quantifying the shear strength of partially bonded concrete-rock 

interfaces for use in sliding stability analyses of concrete dams have, 

however, been suggested by Lo et al. (1990) and Dawson et al. (1998). Both 

criteria were developed based on existing models for the evaluation of 

shear strength of fully bonded and unbonded contacts and their predictive 

capabilities were not experimentally verified in either study. 

Lo et al. (1990) stated that when the strengths of bonded and unbonded 

contacts along a partially bonded interface are simultaneously mobilized, 

the peak shear strength of the interface may be expressed as: 

  

𝜏p = 𝑐 [1 − 𝜂 (1 −
𝑐s

𝑐
)] + 𝜎N

′ tan 𝜙i [1 − 𝜂 (1 −
tan 𝜙s

tan 𝜙i 
)] (3.4) 

  
where 𝜂 is the ratio of area of unbonded portion to the total area, 𝑐 and 𝜙i 

are the cohesion and internal friction angle of the bonded contact, 

respectively, and 𝑐s and 𝜙s the cohesion and friction angle of the unbonded 

contact, respectively. In general, 𝑐𝑠 is equal to zero. Furthermore, 𝜙s is by 

Lo et al. (1990) defined as: 

  
𝜙s = 𝜙b + 𝑖  (3.5) 
  

where 𝜙b is the basic friction angle and 𝑖 the roughness component 

operative in the field corresponding to first order projection or major 

undulations of the sliding plane. Eq. 3.4 can then be simplified into: 

  
𝜏p = (1 − 𝜂) ∙ (𝑐 + 𝜎N

′ tan 𝜙i) + 𝜂 ∙ 𝜎N
′ tan(𝜙b + 𝑖) (3.6) 

  
However, in addition to the normal stress, the mobilization of the frictional 

resistance is also dependent on the shear displacement. Since the shear 

displacement when the peak shear strength is reached may differ for 

bonded and unbonded contacts, the simultaneous mobilization of the 

shear strength of the bonded and unbonded parts of a partially bonded 
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interface may not be a valid assumption. This was recognized by Lo et al. 

(1990) who investigated the question of compatibility of displacements in 

strength mobilization and their impact on the estimated peak shear 

strength of the interfaces using the following approximate analysis.  

Assuming that the dam is a rigid body sliding along the concrete-rock 

interface, it follows that the displacement and therefore the shear strain 

along the interface is uniform. Hence, the degree of unbonded contact 

strength mobilized when the critical strain of the bonded parts is reached 

depends on the shear moduli ratio between the bonded and unbonded 

contacts (Fig. 3.3). An equivalent shear strength along the interface 𝜏𝑝
∗  can 

then be defined according to:  

  

𝜏𝑝
∗ = (1 − 𝜂 +

𝐺unbond

𝐺bond
𝜂) (𝑐 + 𝜎N

′ tan 𝜙i),
𝐺unbond

𝐺bond
≤

𝜏unbond

𝜏bond
  (3.7) 

  
(after Lo et al. 1990)  
  

where 𝐺unbond and 𝐺bond are the shear moduli of the unbonded and bonded 

contacts respectively determined by idealized shear stress-shear strain 

relationships: 

 

 

Figure 3.3. Schematic illustration of idealized shear stress-shear strain 

relationship and shear strength mobilization of unbonded contacts 

during failure of bonded contacts (adapted from Lo et al. 1990). 
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𝐺unbond =
𝜏unbond

𝛾unbond

 (3.8) 

  
and 

  

𝐺bond =
𝜏bond

𝛾bond

 (3.9) 

  
where 𝜏unbond and 𝜏bond are the peak shear strength and 𝛾unbond and 𝛾bond 

the critical strain of the unbonded and bonded contacts respectively.  

Unfortunately, knowledge regarding the strain compatibility between 

unbonded and bonded contacts is rather limited, see Section 3.3. 

Therefore, Lo et al. (1990) assumed an upper bound for 𝐺𝑢𝑛𝑏𝑜𝑛𝑑 𝐺𝑏𝑜𝑛𝑑⁄  and 

inserted numerical values for one of the dams investigated in the ten-year 

programme of assessment of dam safety initiated by Ontario Hydro. It was 

found, that the magnitude of the error due to the assumption of 

simultaneous mobilization of the shear strength of the bonded and 

unbonded parts resulted in an overestimation of the interface peak shear 

strength by approximately 5 % which was considered negligible. However, 

this low value is due to the relativly low effective normal stress, approx. 

0.12 MPa, acting on the specific dam, and therefore not representative of 

other dams with different interface properties and loading conditions. Lo 

et al. (1990) also concluded that in the case where a large portion (> 70%) 

of the dam-foundations was unbonded, the difference between 

simultaneous and partial mobilization of the strengths became important. 

Dawson et al. (1998) reviewed current practice in design of gravity dams 

and assessment of existing dams and suggested the following generalized 

shear strength criterion for partially bonded discontinuities: 

   
𝜏p = 𝐴b ∙ (𝑐 + 𝜎N

′ tan 𝜙i) + (1 − 𝐴b) ∙ (𝜎N
′ tan 𝜙b) (3.10) 

  
where 𝐴b is the ratio of bonded area to total area , i.e. 𝐴b = 1 − 𝜂. 

A comparison between Eqs. 3.6 and 3.10 shows that the way of dealing 

with the contribution from surface roughness constitutes a significant 

inconsistency between the two formulas. Lo et al (1990) combine cohesion 

with the dilational component of the unbonded contact 𝑖 while Dawson et 

al. (1998) do not. In Paper VI, a comparison was made between 𝜏p 

calculated with and without including the contribution from 𝑖. The peak 
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shear strength parameters were set to 𝑐 = 1.72 MPa, 𝜙i = 53° and 𝜙b = 35°, 

based on reported values for concrete-rock interfaces in the literature.  

The results from the comparison showed that for rough surfaces the 

contribution from the dilational component of the unbonded contact can, 

if mobilized, have a significant impact on the assessed shear strength of the 

interface (Fig. 3.4). Further knowledge is thus needed regarding the shear 

characteristics and strength mobilization of partially bonded concrete-rock 

interfaces. To achieve this, observations from shear tests on concrete-rock 

samples with different bonding conditions are needed. 

 

 

Figure 3.4 Comparison between calculated 𝜏𝑝 when and when not 

taking into account the contribution from surface roughness of the 

unbonded parts (adapted from paper VI). 
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3.3. Literature review of shear tests performed on concrete-

rock samples 

A number of tests to study the shear characteristics of the concrete-rock 

interfaces have been performed and reported in literature in recent 

decades. The research carried out over many years by Johnston and his co-

researchers (Johnston and Lam 1984, Lam and Johnston 1989, Kodikara 

and Johnston 1994), the continuing work by Seidel and Haberfield (2002) 

and Gu et al. (2003) and also the study by Ooi and Carter (1987) are 

primarily concerned with the performance of piles socketed in rock. The 

reported shear tests were therefore mainly conducted under constant 

normal stiffness (CNS) conditions. Unfortunately, results from tests 

performed under CNS conditions are not necessarily applicable to dam 

stability where no constraint is placed upon the normal displacement 

unless the dam is strengthened with, for example, post-tensioned anchors. 

It is reasonable to expect that shearing performed under CNL conditions 

provides a more realistic model of the dam-foundation behaviour. 

Nevertheless, most of the studies performed on concrete-rock samples 

under CNL conditions focus on either unbonded samples (e.g. Hong and 

Jeon 2004; Moradian et al. 2010) or fully bonded samples (e.g. Hong et al. 

2002; Saiang et al. 2005; Ballivy et al 2006; Tian et al. 2015). Tests on 

shotcrete-rock samples, performed by for instance Hahn and Holmgren 

(1979), Saiang et al. (2005), Bryne et al. (2014), and Bryne (2014) among 

others, also focus on fully bonded samples. Due to the difference in size of 

the test samples, the varying quality of the rock and concrete, and the 

different levels of applied normal loads, a comparison between the data 

presented in the different papers to study the strain compatibility of 

bonded and unbonded contacts is rather problematical. The same applies 

to the results from a large number of shear tests carried out on the concrete 

blocks at concrete dam sites in the former Yugoslavia during the period 

from the 1960s to the present day presented by Andjelkovic et al. (2015). 

In addition, although Lo et al. (1990, 1991) tested samples with different 

bonding conditions, direct shear tests were only applied to unbonded 

interfaces while triaxial compression, direct tension and triaxial extension 

tests were performed on the samples with bonded interfaces.  

Moreover, data from tests on samples with partially bonded interfaces 

is limited. Moradian et al. (2011, 2012) applied acoustic emission (AE) to 

monitor the shear behaviour of concrete-rock joints with different bonding 
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states in direct shear tests. In the first study, concrete-rock samples with 

different bonding percentages were tested. However, the applied normal 

loads were, in comparison to the seemingly high values of bond strength 

obtained, too small to clearly affect the peak shear strength of the partially 

bonded concrete-rock joints. In the second study, tests were carried out on 

samples with bonding percentages of 10%, 28%, 50%, 75%, and 100%. 

According to the authors, the results of the study indicated that the shear 

behaviour of bonded joints is mainly related to the adhesive bond between 

rock and concrete replicas. The surface roughness of the interfaces, 

however, was not studied in detail and no conclusions were presented 

regarding the influence of surface roughness on the peak shear strength.  

3.4. Direct shear tests performed at LTU 

Due to the difficulty in linking surface roughness to the shear strength of 

partially bonded interface based on the results from previous studies 

reported in the literature, a series of direct shear tests was performed by 

commission of the author at Luleå University of Technology (LTU) as part 

of this research project. Tests were initially carried out on samples with 

fully bonded contacts at three levels of normal load to derive the shear 

strength envelope. Samples with unbonded interfaces and different 

roughness profiles were then tested for one level of normal load, derived 

based on the ratio between the values of cohesion reported in the literature 

for bonded concrete-rock contacts (e.g. Lo et al. 1990, EPRI 1992, 

Westberg Wilde and Johansson 2013) and the usual range of effective 

normal stress acting on dam-foundations contacts of medium-height 

concrete gravity dams. Finally, direct shear tests were performed on 

samples with bonding percentages 𝐴b equal to 25%, 50%, and 75% to 

analyse if the effects from surface roughness could be correlated with the 

peak shear strength of partially bonded interfaces. A summary of the 

testing programme is shown in Table 3.1. All tests were performed with a 

shear box (Fig. 3.5) designed and built at LTU that has the capacity to 

perform shear tests on samples of dimensions up to 280x280 mm2 

according to the methods suggested by ISRM (Muralha et al. 2014).  

A detailed description of the study, including sample preparation, 

testing process, and quantification of surface roughness, as well as a 

complete presentation and analysis of the test results can be found in 

appended Paper VI. A summarization of the analysis and main conclusions 

presented in the paper is given below. 
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Table 3.1 Summary of testing programme where n is the number of tests, 

𝐴𝑏 is the bonding percentage and 𝜎𝑁  is the applied normal load. 

Category 11 21 31 41 52 61 71 81 

n  3 3 3 3 3 3 3 3 

𝐴𝑏 (%) 100 100 100 0 0 25 50 75 

𝜎𝑁  (MPa) 3 2 0.8 0.8 0.8 0.8 0.8 0.8 
 1 Rough joint surface      2 Smooth joint surface 

 

 

Figure 3.5 Luleå University of Technology´s stiff servo controlled direct 

shear machine. 

The results obtained for the fully bonded samples (Categories 1, 2, and 3) 

reported a best-fit Mohr-Coulomb peak shear strength envelope with shear 

strength parameters 𝑐 = 2.97 MPa and 𝜙i = 54.4°. The average basic friction 

angle, �̅�b= 38.6° was estimated from the results obtained for the unbonded 

samples with planar, saw-cut surfaces From the difference between the 

peak and basic friction angle of the samples with fully unbonded, rough 

interfaces, 𝑖 = 32.7° was derived. 
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To assess the strain compatibility of concrete-rock interfaces with different 

bonding states, the idealized shear stress-shear displacement to peak curve 

was derived from the test results for the samples with unbonded, rough 

surfaces (Category 4). The obtained curve was then compared to the 

idealized shear stress-shear displacement to peak curve derived based on 

the test results obtained for the samples in category 4, i.e. fully bonded 

samples with applied 𝜎n = 0.8 MPa (Fig. 3.6). The plot shows that the peak 

is reached at almost the same shear displacement 𝛿s for both the fully 

bonded and fully unbonded, rough contacts, indicating that it is reasonable 

to assume that a significant portion of 𝑖 of the unbonded contacts can be 

mobilized prior to bond failure.  

 

Figure 3.6 Idealized shear stress-shear displacement curves to peak for 

bonded and unbonded concrete-rock contacts, based on direct shear test 

with applied 𝜎𝑛 = 0.8 MPa on samples with fully bonded interfaces and 

fully unbonded, rough interfaces (adapted from Paper VI). 

However, a comparison between the measured 𝜏p for the samples with 

partially bonded interfaces and 𝜏p values calculated both with and without 

including the contribution from the surface roughness using the shear 

properties derived from the tests results of the fully bonded and unbonded 

samples as input did not provide as conclusive results (Fig. 3.7). As 

discussed in Paper VI, the variation in surface roughness of the individual 

samples was believed to be a possible reason for this discrepancy. A 

comparison was therefore carried out (Fig. 3.8) between the measured 𝜏p 
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and the calculated 𝜏p including the contribution from surface roughness of 

the unbonded part of each specific sample, 𝑖g
∗. It can be seen from the figure 

that for samples with bonding percentages 𝐴b = 25% and 𝐴b = 50%, 𝜏p 

calculated including 𝑖g
∗ show good agreement with the measured values. 

For the samples with 𝐴b = 75%, however, the measured values of 𝜏p agree 

more with the values of 𝜏p calculated under the assumption that no part of 

the surface roughness is mobilized prior to failure of the bond strength.  

 

 

Figure 3.7 Comparison between measured 𝜏𝑝 and calculated 𝜏𝑝 with and 

without including the surface roughness using the shear properties 

derived from the test results of the fully bonded and unbonded samples 

(adapted from Paper VI). 



SHEAR STRENGTH OF CONCRETE-ROCK INTERFACES | 31 

 

Figure 3.8 Comparison between measured 𝜏𝑝 and calculated 𝜏𝑝 with 

and without including the surface roughness of each individual sample 

using the friction angles and cohesion derived from the test results of the 

fully bonded and unbonded samples (adapted from Paper VI). 

Based on the results from the study presented in appended Paper VI, it is 

reasonable to assume that a significant portion of the surface roughness of 

the unbonded contacts can be mobilized prior to bond failure, in particular 

for interfaces with low bonding percentages. The study, however, was 

limited to perfectly mated interfaces. Hence, before any portion of the 

surface roughness is included when estimating the peak shear strength of 

partially bonded interfaces, further research is required to understand how 

the contribution from roughness may change with an increase in scale and 

degree of matedness. 
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4. Model error due to brittle failure of bonded contacts 

and spatial variation in cohesion 

4.1. Background 

As mentioned in previous chapters, the shear strength available locally for 

each point of a bonded concrete-rock interface is commonly estimated 

using the Mohr-Coulomb criterion (Eq. 3.1). In order to estimate the shear 

strength force of the total interface, required as input in sliding stability 

analyses using LEM, it is in general assumed that ultimate capacity is 

simultaneously achieved along the entire surface and the normal stress is 

integrated over the potential sliding plane. This gives: 

  
𝑇 = 𝑐 ∙ 𝐴 + 𝑁′ tan 𝜙  (4.1) 
  

where 𝑁′ is the resultant of the forces normal to the assumed sliding plane 

including the effects of uplift and 𝐴 is the area of the sliding surface.  

The above simplification is based on the assumption of the impending 

failure occurring according to the requirements imposed by perfectly-

plastic failure theory. However, tests conducted on concrete-rock cores 

(e.g. Link 1969, Rocha 1964, Lo et al. 1990, EPRI 1992) show that bonded 

cores exhibit brittle behaviour. This means that the post-peak load that an 

element of the interface can carry is lower than the estimated peak shear 

strength (Fig. 4.1). Hence, once the peak shear strength of an interface 

element is exceeded, its load-bearing capacity is reduced and the stresses 

around the element will therefore increase. This may cause nearby 

elements to yield, resulting in further stress redistributions and so the 

process continues in a consecutive manner until the surface of failure 

extends to the point where kinematic release becomes possible. Areas with 

local failure could thus lead to failure of entire interfaces that may appear 

stable when considering only the peak shear strength determined based on 

the mean value of cohesion. In addition, the spatial variability of the shear 

strength parameters also influences the failure mechanism described 

earlier since weak spots where failure can be initiated may be introduced. 
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Figure 4.1 Schematic representations of the post-peak responses of 

various material models (adapted from Paper III). 

Eq. 4.1 is thus a very simplified representation of the physical processes 

that take place during the shearing of bonded interfaces. 

4.2. Model error estimation 

4.2.1. Previous studies 

To determine the magnitude of the model error and its influence on the 

assessed dam stability, the relationship between model and reality has to 

be examined. In the following, a review is presented of previous studies 

published in the literature where the progressive failure mechanism of 

bonded dam-foundation interfaces has been be studied. 

Jia et al. (2011) performed nonlinear finite element analyses to study 

sliding along the foundation surface of a concrete gravity dam using a 

brittle material model for the concrete-rock contact. They, focus mainly on 

the failure path, however, and a comparison with the commonly used 

ductile model to estimate the magnitude of the model error was not 

provided. Furthermore, the spatial variability of the shear strength 

parameters was not considered. Hence, although the study provides useful 

insights regarding the influence of brittle behaviour, it is not possible to 

determine a reliable estimate of the model error on basis of the results 

presented. 

The progressive failure mechanism of bonded dam-foundation contacts 

was also addressed in two published papers where probabilistic analyses of 

the sliding failure mode were included, namely Saouma (2006) and 
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Westberg Wilde and Johansson (2013). Saouma (2006) performed a 

reliability-based fracture mechanics analysis where reduction in strength 

is taken into account to investigate the safety of an existing concrete dam. 

He did not, however, include the effect of a possible spatial variability of 

cohesion on the failure mechanism of the interface.  

Westberg Wilde and Johansson (2013) removed the undesirable bias 

effects due to progressive failure in combination with spatial variation in 

cohesion along the interface by adjusting the estimated distribution of 

cohesion. This was done by simulating cohesion with a procedure where it 

was considered to behave as a brittle parallel system. The simulation 

procedure was based on the assumption of equal load sharing where the 

resistance for a system of 𝑛 equicorrelated components with brittle 

behaviour was given as: 

  
𝑅𝑛 = 𝑅𝑛(𝑐1 ⋯ 𝑐𝑛) = max{𝑛 ∙ 𝑐1̂ , (𝑛 − 1) ∙ 𝑐2̂ ⋯ 𝑐�̂�} (4.2) 
  
(Hohenbichler and Rackwitz, 1981)  
  

where 𝑅𝑛  is the resistance of the system, 𝑐1 ⋯ 𝑐𝑛 are component strengths 
and 

  

𝑐1̂ ≤ 𝑐2̂ ≤ ⋯ 𝑐�̂�  
  

is the order of statistics of 𝑐1 ⋯ 𝑐𝑛. The cohesion was described with a 

random field of 𝑛 elements with an area equal to the size of drilled cores. 

Each element had a cohesion of 𝑐𝑖, given by the distribution determined for 

the cohesion of the cores drilled at the specific dam. The random fields 

were simulated using the computer software R! (Hornik, 2006) and the 

package RandomFields (Schlater, 2001) that simulates Gaussian random 

fields. The result of the brittle parallel system analysis was the cohesive 

strength for the whole surface, thus 𝑐 = 𝑅𝑐/𝐴.  

A limitation associated with the method suggested by Westberg Wilde 

and Johansson (2013) is that it is based on the assumption of equal load 

sharing over the interface and does not take into account the actual stress 

distribution along the interface, the stress redistribution after element 

failure or the stiffness of the interface elements. Moreover, the method 

does not provide information regarding the magnitude of the model error 

itself. 
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4.2.2. Estimation of model error using numerical analyses 

It is obvious that more knowledge is still needed regarding the model error 

due to brittle failure of bonded contacts in combination with spatial 

variation in cohesion. Therefore, as part of this research project, numerical 

analyses were used to investigate the influence of spatial variation in 

cohesion in combination with a brittle material model and varying stresses 

along the interface on the sliding failure mechanism of a hypothetical 

gravity dam monolith with a bonded concrete-rock interface. The analyses 

are presented in detail in appended Paper III. Fig. 4.2 shows a schematic 

of the analyses outline and Fig. 4.3 the geometry of the studied dam 

monolith. 

 

 

Figure 4.2 Schematic of the analyses outline. The sliding safety factor of 

the dam monolith was first estimated analytically using LEM and then 

compared to safety factors obtained from numerical analyses using 

ductile and brittle material models to analyse the discrepancy between 

the different models. The spatial variation over the sliding surface was 

taken into account through the use of random fields, generated based on 

results of direct tensile tests applied to concrete-rock cores extracted from 

a concrete dam located in Sweden (adapted from Paper III).  
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Figure 4.3 Geometry of the hypothetical dam monolith used in the 

analyses (from Paper III). 

The results from the analyses showed that the analytical LEM, commonly 

used in dam stability analyses, results in an overestimation of the assessed 

dam stability with regard to sliding. When a homogeneous interface with 

regard to cohesion was assumed, the deviation between the factor of safety 

calculated using the limit equilibrium method, 𝐹𝑆𝐿𝐸𝑀, and the factor of 

safety derived from the numerical analyses, 𝐹𝑆𝑆𝑅𝑇 was estimated to 19%. 

When a spatial variation in cohesion with correlation length equal to 𝜃𝑐 = 

0 m was assumed, the deviation between 𝐹𝑆𝐿𝐸𝑀, and 𝐹𝑆𝑆𝑅𝑇, varied between 

47% and 66% with an average of 57% and standard deviation of 6%. When 

𝜃𝑐 = 10 m was assumed, the deviation between 𝐹𝑆𝐿𝐸𝑀 and 𝐹𝑆𝑆𝑅𝑇, varied 

between 41% and 58% with an average of 52% and standard deviation of 

5% (a detailed presentation of the results can be found in Paper III). The 

results also indicated that spatial variation in cohesion along the interface 

resulted in weak spots where failure was be initiated, in contrast to a 

homogeneous interface where failure was initiated at the location with 

lowest normal stress.  

4.3.  Model error in sliding stability analyses 

4.3.1. Deterministic methods 

The presence of a model error causes biased and inconsistent estimates 

and may lead to erroneous conclusions and has therefore to be taken into 
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account. As mentioned in Chapter 2, most national regulations/guidelines 

for dam safety assessment and re-assessment available today are based on 

deterministic techniques where uncertainties, such as the model error 

previously described, are generally dealt with by the use of safety factors. 

A common way of dealing with the model error due to brittle failure and 

other uncertainties associated with the cohesive strength of bonded 

interfaces in a number of national regulations/guidelines for dam safety is, 

as mentioned in Chapter 1, to allow the use of cohesion and apply separate, 

higher partial safety factors to cohesion than to the frictional component. 

According to Ruggeri et al. (2004), this technique has been adopted in the 

Spanish, Portuguese, Chinese, Indian, French, and Swiss regulations. In 

other regulations/guidelines, where a single global 𝐹𝑆 is used, it is instead 

common to refer to higher target values for 𝐹𝑆 when the effect of cohesion 

is included in the overall shear strength of the interface than when only 

frictional strength is considered (e.g. FERC 2002, NVE 2002, CDA 2007). 

It is nonetheless unclear to what extent the higher reduction factors 

applied to the cohesion component and the higher target values of global 

𝐹𝑆 reflect the error associated with the applied model for the shear strength 

since they are mainly determined based on experience and not on actual 

knowledge about the impact of the model error on the assessed safety of 

the dam. The conservative approach, where cohesion is disregarded when 

sliding stability assessments of existing dams are performed, adopted in 

the Swedish guidelines for dam safety (SwedEnergy 2012) may from the 

standpoint of system performance and safety be suitable but it can result 

in unnecessarily high construction costs.  

4.3.2. Probabilistic methods 

A way to overcome the aforementioned limitations is to use reliability-

based methods that allow uncertainties in input data to be incorporated 

and propagated through the analysis so that their effect on the future 

performance of the analysed structure can be evaluated in a more direct 

manner. This allows for the optimization of design based on both safety 

and cost. However, no common practice for dealing with the brittle failure 

of bonded contacts in combination with spatial variation in cohesion in 

sliding stability analyses of concrete dams has been adopted by the 

industry. As mentioned in Section 4.2.1, a method has been presented by 

Westberg Wilde and Johansson (2013). Their method, however, is 
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associated with a number of limitations that introduce an error of unknown 

magnitude to the analysis.  

A general method, suggested by JCSS (2001) and Faber (2007) among 

others, for dealing with model uncertainty in structural reliability analyses 

is to determine a random variable 𝛯 based on observations of the model 

uncertainty 𝜉 associated with a particular model. The random variable 𝛯 

can then be introduced into the limit state function according to: 

  
𝑌 = 𝛯𝑓(𝑿)  (4.3) 
  

or 

  
𝑌 = 𝛯 + 𝑓(𝑿)  (4.4) 
  

or a combination of both, where 𝑌 is the model output, 𝑓( ) is the model 

function and 𝑿 is the vector of basic random variables. The model 

uncertainties can also be linked directly to the associated basic variables, 

that is: 

  
𝑌 = 𝑓(Ξ1𝑋1, Ξ2𝑋2, … , Ξ𝑖𝑋𝑖) (4.5) 
  

where 𝑋𝑖  are basic variables.  

In appended Paper IV, a comparison was conducted between the two 

techniques described above for including the influence of progressive 

sliding failure in structural reliability analyses of concrete dams. The 

results from the numerical analyses presented in Paper III were used to 

estimate a random variable representative of the model uncertainty due to 

progressive failure in combination with the spatial variation in cohesion of 

the studied monolith. The random variable was then included in the 

analysis according to Eq. 4.3 and the sliding reliability index of the 

monolith was estimated. The results were then compared to the results 

obtained when the progressive failure of the bonded interface is taken into 

account by simulating new distribution parameters for cohesion as 

suggested by Westberg Wilde and Johansson (2013). However, Paper IV is 

in part based on and refers to an early manuscript of Paper III that is 

somewhat different to the published paper. The earlier version of the 

manuscript also included a structural reliability analysis of the dam 

monolith. This part was however removed at a later stage since focusing on 

two so multifaceted issues in one paper proved to be too complex. 
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Therefore, a description can be found below of the methodology used to 

determine the random variable representative of the model uncertainty 

due to brittle failure of bonded contacts in combination with spatial 

variation in cohesion over the interface.  

Assuming that the numerical solution presented in Paper III represents 

the so-called real behaviour (although numerical techniques are 

themselves subject to uncertainties, properly used they give a more 

accurate representation of reality than simple analytical models), the 

model uncertainty due to progressive failure in combination with the 

spatial variability of cohesion 𝜉𝑝 can be estimated according to: 

  

𝜉𝑝 =
𝑇mod

𝑇real

 (4.6) 

  
where 𝑇mod is the shear strength force computed using Eq. 4.1 and 𝑇𝑟𝑒𝑎𝑙  is 

the available resistance of the interface estimated from the numerical SRT 

solution according to : 

  
𝑇real = 𝐻 ∙ 𝑅𝐹eq (4.7) 
  

where 𝐻 is the resultant of the horizontal loads acting on the structure and 

𝑅𝐹eq is the reduction factor at the limit bearing capacity state. In Tables 4.1 

and 4.2, 𝜉𝑝 estimated from the results obtained in Paper III is shown. 

Introducing a statistical description of the model uncertainty requires a 

large number of realizations. The more realizations implemented, the 

greater the confidence that can be placed in the estimated mean and 

variance of the model uncertainty. However, the number of realizations in 

Paper III is limited to 10 for each studied correlation length. A distribution 

is therefore fitted to the results obtained using basic bootstrapping.  

The bootstrap is a data-based simulation method introduced by Efron 

(1979) to estimate the standard deviation of the estimate 𝜃 of the 

parameter of interest 𝜃 by resampling from the sample data 𝒙 =

𝑥1, 𝑥2, ⋯ , 𝑥𝑛. The bootstrap algorithm includes the following steps: (1) a 

large number 𝐵 of independent bootstrap samples 𝒙𝟏
∗ , 𝒙𝟐

∗ , ⋯ , 𝒙𝑩
∗ , each 

consisting of 𝑛 data values are drawn with replacement from 𝒙, (2) for each 

bootstrap sample 𝒙𝑩
∗ , the bootstrap replicate 𝜃∗(𝑏) is evaluated, which 

gives us the bootstrap sample distribution of 𝜃∗(𝑏). For the case where 𝜃 is 
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the expected value, the standard error of the estimate can be estimated by 

the sample standard error of the 𝐵 replicates: 

  

𝑠�̂�𝐵 =
1

𝐵 − 1
∑{𝜃∗(𝑏) − 𝜃∗(∙)}

2
𝐵

𝑏=1

 (4.8) 

  
where 

Table 4.1 Results obtained for the case where the correlation length of 

cohesion is assumed equal to 0 m 

Realization 𝜇𝑐 (MPa) 𝑇mod (MPa) 𝑇real (MPa) 𝜉𝑝 (-) 

1 1.34 38.3 26.1 1.47 

2 1.39 39.4 25.7 1.53 

3 1.38 39.2 25.7 1.53 

4 1.32 37.9 25.2 1.50 

5 1.43 40.2 25.7 1.57 

6 1.57 43.1 26.1 1.66 

7 1.49 41.5 25.7 1.62 

8 1.45 40.6 25.7 1.58 

9 1.52 42.1 26.1 1.61 

10 1.43 40.2 25.7 1.57 

 

Table 4.2 Results obtained for the case where the correlation length of 

cohesion is assumed equal to 10 m 

Realization 𝜇𝑐 (MPa) 𝑇mod (MPa) 𝑇real (MPa) 𝜉𝑝 (-) 

1 1.17 34.7 22.3 1.56 

2 1.28 37.1 25.2 1.47 

3 1.72 46.3 30.3 1.53 

4 1.46 40.8 26.5 1.54 

5 3.07 74.6 47.9 1.56 

6 1.35 38.5 25.2 1.53 

7 1.16 34.5 24.4 1.42 

8 1.26 36.6 23.1 1.58 

9 0.76 26.1 17.2 1.52 

10 0.77 26.3 17.7 1.49 
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𝜃∗(∙) =
1

𝐵
∑ 𝜃∗(𝑏)

𝐵

𝑏=1

 (4.9) 

  
There is no clear estimate of the number of bootstraps necessary to provide 

accurate and valid results. Therefore, 𝐵 is assigned an initial value and 

thereafter progressively increased until the answer remains unchanged. 

Fig. 4.4 shows simulation results for the different correlation lengths 

with 𝐵 = 106. It can be seen that the random variable representative of the 

progressive failure and assessed through observations of 1 𝜉𝑝⁄  since the 

model overestimates the shear strength of the interface, 

Ξ0 ~ 𝑁(1.564; 0.017) when the correlation length of 𝑐 is set to 𝜃𝑐=0 m and 

Ξ10 ~ 𝑁(1.520; 0.014) when the correlation length of 𝑐 is set to 𝜃𝑐=10 m.  

Figure 4.4 Simulation results for different correlation lengths under the 

assumption of a brittle parallel. 

Table 4.3 shows the adjusted distribution moments of 𝑐 obtained for the 

different correlation lengths obtained using the method suggested by 

Westberg Wilde and Johansson (2013) where 𝑐 is simulated as a brittle 

parallel system. The computed reliability indexes for each case are shown 

in Table 4.4. It can be noted that the obtained reliability indexes are 

significantly higher than expected for most real dams. The main reason for 

this is that the geometry of the monolith was chosen such that overturning 

and crushing of the foundation would not occur during the numerical 

analyses. 

 



MODEL EROR DUE TO BRITTLE FAILURE OF BONDED CONTACTS AND SPATIAL  
VARIATION IN COHESION | 43 

Table 4.3 Simulation results for different correlation lengths under the 

assumption of a brittle parallel 

𝜃𝑐 (m) 𝜇𝑐 (MPa) 𝜎𝑐 (MPa) 𝐶𝑂𝑉 

0 0.619 0.001 0.002 

10 0.743 0.108 0.145 

 

Table 4.4 Reliability index for different correlation lengths with regard 

to sliding 

𝜃𝑐 (m) Progressive 

failure 

disregarded 

Progressive failure 

represented by 

random variable 𝛯 

Progressive failure taken 

into account by adjusted 

distribution of 𝑐 

0  𝛽 = 25.9 𝛽 = 24.6 𝛽 = 16.3 

10 𝛽 = 15.5 𝛽 = 14.0 𝛽 = 12.5 

 

The values presented in Table 4.4 also show that the sliding reliability of 

the dam monolith is significantly reduced when the influence of 

progressive failure in combination with spatial variation is introduced in 

the analysis regardless of the technique used. Nevertheless, the magnitude 

of the reduction differs, with the method proposed by Westberg Wilde and 

Johansson (2013) seeming more conservative compared to the method 

where numerical analyses are used to quantify the model uncertainty. This 

is interesting since the method proposed by Westberg Wilde and 

Johansson (2013) also has the advantage of being considerably less time-

consuming and thus more user-friendly to the industry than the 

performance of numerical analyses for estimating the model uncertainty 

due to progressive failure in combination with spatial variation in 

cohesion. The results presented here, however, are only valid for the 

specific case and should not be used as an absolute reference. Further 

research is necessary to establish a reliable approach for dealing with the 

model uncertainty associated with the brittle behaviour of bonded 

concrete-rock interfaces. 
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5. Parameter uncertainty 

5.1. Background 

An important component in sliding stability analyses of concrete dams 

founded on rock is the shear strength properties of the concrete-rock 

interface. As described in Chapter 3, which properties govern the shear 

resistance depends on the bonding conditions of the interface. A common 

ground, however, is that most of the involved parameters are uncertain.  

As mentioned previously, in traditional deterministic stability 

assessments parameter uncertainties are generally dealt with subjectively 

by selecting reasonably conservative parameters and by the use of safety 

factors. This approach, however, eschews any information on risk and 

lacks a systematic basis for evaluating the degree of conservativeness (Ang 

and Tang 2007). Furthermore, safety factors do not distinguish between 

the source of uncertainty and hence do not allow the identification of 

possible improvements by increased knowledge obtained, for example, by 

additional testing. To overcome this, sensitivity studies are sometimes 

performed as a way of appreciating the level of uncertainty in an estimated 

safety factor due to random variations in loads and materials. Sensitivity 

studies, however, are limited in the sense that they do not provide an 

estimate of output uncertainty due to a combination of input uncertainties. 

In reliability-based analyses, load and material parameters that exhibit 

natural variability are best defined as random variables described by their 

random moments and probability distribution function (e.g. Nadim 2007, 

Baecher and Christian 2003). By this means, uncertainties in input data 

can be incorporated and propagated through the analysis so that their 

effect on the future performance of the analysed structure can be evaluated 

in a more direct manner. This allows for the optimization of design on the 

basis of both safety and cost. The quantification of the design parameter 

and of the uncertainties associated with the design value, however, is not a 

simple task and the lack of sufficient data is often pointed out as one of the 

main drawback of probability-based analyses. An introduction to the 

sources of uncertainty associated with the evaluation process of the design
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value of the shear strength properties is given in the following. The 

influence of the parameter uncertainties on the assessed sliding stability 

are then investigated based on the study presented in Paper V. 

5.2. Sources of parameter uncertainty 

The prevailing uncertainties associated with the evaluation process of 

design values representative of an engineering property are commonly 

interpreted and differentiated with regard to their type and origin (e.g. 

Christian et al. 1994; Christian 2004; Baecher and Christian 2003). In 

Paper V, four main sources of uncertainty, quantified by the coefficient of 

variation 𝐶𝑂𝑉, were considered for 𝜙b and 𝑐, namely inherent spatial 

variability, statistical uncertainty, measurement errors and transformation 

uncertainty. Although uncertainties due to human factors, such as human 

errors and human intervention, may also be present, they were not covered 

within this project since they add another level of complexity that requires 

further research and treatment.  

5.2.1. Inherent variability 

The shear strength properties of the concrete-rock interface are inherently 

spatial variable and may be significantly different from one location to 

another. This variability is due to the inhomogeneous nature of rock but 

also depends, in particular for cohesion, on site-specific factors such as the 

preparation of the foundation rock surface prior to casting, concrete age 

and condition, and location of leakage and other degradation processes 

(e.g. Lo et al. 1990, Westberg Wilde and Johansson 2013). 

Ideally, the uncertainty due to the inherent variability of a property 

should be inferred based on the variability of the parameter data at a 

specific site (Phoon and Kulhawy 1999a). Nevertheless, according to 

Orchant et al. (1988) among others, the coefficient of variation assessed 

from measurements on 𝑋, denoted 𝐶𝑂𝑉𝑋, arises from both the inherent 

spatial variability of 𝑋 and uncertainties associated with the measurement 

process itself, see Section 5.2.3. Hence: 

  
𝐶𝑂𝑉inh,X

2 = 𝐶𝑂𝑉𝑋
2 − 𝐶𝑂𝑉m.e.,𝑋

2  (5.1) 

  
where 𝐶𝑂𝑉inh,X is the coefficient of variation associated with the inherent 

variability of 𝑋 and 𝐶𝑂𝑉m.e.,𝑋 the total measurement noise.  
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Moreover, the uncertainty determined from measurements of parameter 𝑋 

is only a measure of the uncertainty in the value that would be measured if 

another sample were tested from a point in the population. The uncertainty 

measure generally required in stability analyses is the uncertainty in the 

average value over the failure domain. In order to obtain this, the estimated 

𝐶𝑂𝑉inh,𝑋  has to be adjusted with regard to the spatial correlation, i.e. the 

tendency for values of a variable at one point to be correlated to values at 

nearby points, of the studied parameter. This can be done by introducing 

the variance reduction factor 𝛤2 as described by Vanmarcke (1977, 2010). 

The value of 𝛤2 is dependent on the size of the failure surface 𝐿 and the 

correlation length 𝜃 of the studied property, where a small 𝜃 and a large 𝐿 

are attributes that contribute to a reduction in variability. Vanmarcke 

(1977) defines 𝛤2 in the one-dimensional case as:  

  

𝛤2(𝐿) =
2

𝐿
∫ (1 −

𝑘

𝐿
) 𝜌(𝑘)𝑑𝑘

𝐿

0

 (5.2) 

  
where 𝑘 is the separation distance and 𝜌(𝑘) is the normalized 

autocorrelation function. From the above, it follows that:  

  

𝐶𝑂𝑉inh,�̅�
2 = (𝐶𝑂𝑉𝑋

2 − 𝐶𝑂𝑉m.e.,𝑋
2 ) ∙ 𝛤𝑋

2 (5.3) 

  
where 𝐶𝑂𝑉inh,�̅� is the coefficient of variation associated with the inherent 

variability of 𝑋 averaged over the failure domain and 𝛤𝑋
2 the variance 

function dependent on the size of the average domain and the scale of 

fluctuation of 𝑋. 

5.2.2. Statistical uncertainty 

Statistical uncertainty is due to the number of observations or data points 

used to estimate the design value of a property. If the number of data is 

very large, we may have precise information as to the value of the mean. 

However, in dam engineering, the number of data points is often far from 

enough to satisfy the conditions of the law of large numbers. Estimating 

the characteristics of a sample population from a small number of 

observations or data points introduces two sources of uncertainty: (1) the 

sample is not sufficiently large to determine what the law of distribution of 
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individuals is, and (2) the mean of the experiments deviates more or less 

widely from the true mean of the population (Student 1908).  

The first of these sources of uncertainty is usually dealt with by assuming 

a normal distribution. According to Student (1908), assuming a normal 

distribution, in a very large number of cases, gives an approximation so 

close that a small sample will give no real information as to the manner in 

which the population deviates from normality. The assumption of a 

normal, or lognormal in the case of strictly non-negative parameters, 

distribution is accordingly made for the shear strength properties of the 

concrete-rock interface where required in this project. 

The second of the aforementioned sources of uncertainty, often referred 

to as statistical uncertainty, is usually dealt with by assuming a normal 

distribution about the mean with a standard deviation 𝑠�̅�  equal to the 

standard deviation of the sample 𝑠𝑋  divided by the square root of the 

number of data points, 𝑛, according to: 

  

𝑠�̅� =
𝑠𝑋

√𝑛
 (5.4) 

  
or alternatively, in terms of the coefficient of variation: 

  

𝐶𝑂𝑉stat,�̅�
2 =  

𝐶𝑂𝑉inh,𝑋
2

𝑛
 

(5.5) 

  
where 𝐶𝑂𝑉stat,�̅� is the coefficient of variation representative of the 

statistical uncertainty. Hence, by increasing the size of the test sample, i.e. 

the number of test points, it is possible to reduce the statistical uncertainty 

and obtain a better estimate of the design value.  

5.2.3. Measurement errors 

Measurement errors derive from the measurement process itself due for 

instance to equipment, procedural, operator, and random test effects (Fig. 

5.1). They are commonly separated into two categories: random and 

systematic errors (e.g. Jaksa et al. 1997). Random errors are inherent to the 

test type but cannot be attributed to the spatial variability of the 

investigated property. Their effects are generally considered to have zero 

mean and influence the results of the soil properties equally above and 

below the mean. Systematic errors consistently under- or overestimate the  
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Figure 5.1 Sources of measurement error. 

property and are generally due to operator and procedural effects and 

inadequacies with the equipment.  

Whereas the exact values of the contributions to the error of a 

measurement are unknown and unknowable, the uncertainties associated 

with the random and systematic effects that give rise to the error can be 

evaluated, e.g. from the statistical distribution of the results of a series of 

repeated observations on identical samples.  

Unfortunately, to the author´s knowledge, no studies have been 

published regarding the magnitude of the error associated with the testing 

procedures used to estimate the shear strength properties of concrete-rock 

contacts. Therefore, in Paper V, the errors associated with the 

measurement processes of 𝜙𝑏 and 𝑡 (used to estimate 𝑐), were assumed 

equal to zero. A similar approach was adopted by Altarejos-Garcia et al. 

(2015) where the coefficient of variation with regard to measurement error 

was assumed equal to zero based on the assumption of best standard 

practices in the testing procedure.  

It is also worth commenting that, as in the case of statistical uncertainty, 

measurement errors can usually be reduced by increasing the number of 

observations. 

5.2.4. Transformation error 

In practical engineering, the estimation of an average value �̅� of a property 

for use in a certain mathematical model can be based on the measurement 

of a quantity 𝑋. As an example, the cohesion of bonded contacts is 

occasionally determined based on measurements of the tensile strength of 

bonded interfaces using the relationship: 

  
𝑐 = 2𝑡 (5.6) 
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based on the Classical Griffith theory (1921) of fracture of brittle materials 

and later experimental evidence (Lo et al. 1990). The transformation 

models used to process the available data into a suitable design parameter, 

often obtained empirically derived through back-substitution or 

calibration, add also a degree of uncertainty to the estimation of the design 

parameter (e.g. Jaksa et al. 1997, Phoon and Kulhawy 1999b). Hence, the 

magnitude of the transformation error depends on the accuracy of the 

transformation model.  

5.3. Total uncertainty in the assessment of a design value 

According to Goodman (1960), the uncertainty of a product of independent 

stochastic variables can be approximated by the square root of the sum of 

the squared coefficient of variation of individual stochastic variables. 

Hence, accepting that the total uncertainty in determining the design 

values of a property arises from the aforementioned sources of uncertainty, 

the total uncertainty about a design value �̅� determined from 

measurements on 𝑋, 𝐶𝑂𝑉�̅�|𝑋
2 , can be defined according to: 

  
𝐶𝑂𝑉�̅�|𝑋

2 ≈  𝐶𝑂𝑉inh,�̅�
2 + 𝐶𝑂𝑉stat,�̅�

2 + 𝐶𝑂𝑉m.e.,�̅�
2 + 𝐶𝑂𝑉trans,𝑋

2   (5.7) 

  
Similar approaches for combining different sources of uncertainty have 

been presented by Baecher and Ladd (1997), Müller et al (2013), Bergman 

et al. (2013), and Altarejos-Garcia et al. (2015).  

5.4. Influence of parameter uncertainty in sliding stability 

analyses 

In Paper V, a reliability-based analysis was performed on a concrete dam 

monolith with partially bonded concrete-rock interface to study the 

influence of the uncertainty associated with the shear strength properties 

of the concrete-rock interface on the assessed sliding stability of the 

monolith. The resistance of the dam-foundation was modelled as a parallel 

system of two basic components mobilized at different times as suggested 

by Westberg Wilde and Johansson (2013) and a first-order reliability 

method was used to determine the reliability index 𝛽, defined as proposed 

by Hasofer and Lind (1974) for each basic system component. The 

reliability of the system was determined by integration of the bivariate 

normal density function. 
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The framework described in Sections 5.2 and 5.3 was used to evaluate the 

total variability of �̅�𝑏 and 𝑐̅. However, due to the limited number of site-

specific tests, the mean values and statistical uncertainties of the properties 

were determined using Bayesian updating, which allows one to combine 

different sources of information to obtain an “updated” estimate of a 

variable (Fig. 5.2), as suggested for instance by Phoon and Kulhawy 

(1999b). Bayesian updating was also used to determine the bonding 

percentage of the interface based on the bonding condition of the drill cores 

extracted from the dam. The interface roughness was estimated based on 

the inclination of the asperities shown in construction drawings and the 

information regarding the variance of the roughness provided by Westberg 

Wilde and Johansson (2013). 

 

 
 

Figure 5.2 Flowchart of Bayesian inference. The process involves 

passing from a prior distribution 𝑝(𝜃) for a variable 𝜃, used to define the 

property under analysis, into a posterior distribution 𝑝(𝜃|𝒙) using the 

likelihood function 𝑝(𝒙|𝜃) evaluated based on the observed data 𝒙 =

𝑥1, 𝑥2, … , 𝑥𝑛 using Bayes’ theorem for random variables. 
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The results of the study in terms of reliability indices are shown in Fig. 5.3. 

It can be seen that, due to the methodology of considering the sliding 

resistance as a parallel system, including cohesive strength is always a gain. 

It is, however, also interesting that 𝛽1, the reliability index calculated for 

system component 1 where the cohesive strength is taken into account, is 

only slightly higher than 𝛽2, the reliability for system component mobilized 

posterior to degradation of the bond and governed by basic friction angle 

and roughness of the interface. A deterministic analysis, based on the mean 

values of the involved parameters, results in 𝐹𝑆1 = 7.87 and 𝐹𝑆2 = 2.57. This 

implies that the low deviation between 𝛽1 and 𝛽2 is mainly due to the 

uncertainties associated with 𝑐 and 𝐴𝑏. 

 

Figure 5.3 Safety indices with regard to sliding at the concrete-rock 

interface (from Paper V). 

Table 5.1 summarizes the sensitivity factors 𝛼. It can there be seen that, 

despite the great variability of cohesion, the bonding percentage is the 

parameter that most influences the estimated reliability index of the 

system component 1. Sensitivity analyses to study how 𝐴𝑏 influences the 

calculated safety indices were therefore also performed. Two different 

cases were considered. In the first case, the distribution of 𝐴𝑏 

corresponding to different numbers of bonded cores 𝑘 for eight test 

samples, i.e.  𝑛 = 8, were used as input. In the second case, 𝑛 is varied while 

𝑘 is assumed equal to 𝑛 2⁄  for all cases.  
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Table 5.1. Sensitivity factors for system components 𝐺1 and 𝐺2. 

 𝛼𝐶̅ 𝑎�̅�b
 𝛼𝑖̅ 𝛼𝜂b

 𝛼𝛾𝑐
 𝛼𝛯𝑢

 

𝐺1  0.46 0.61 - 0.63 0.15 -0.10 

𝐺2  - 0.83 0.49 - 0.23 -0.16 

 

The results of the sensitivity analyses are shown in Fig. 5.4. As expected, 

increasing the number of tests reduces the uncertainty associated with 𝐴b 

and results in an increase in 𝛽1 and consequently also in an higher system 

reliability index 𝛽12. These increases, however, are rather moderate. 

Additional testing aimed at reducing the uncertainty associated with 𝐴b 

may thus only be decisive if the calculated reliability is already close to the 

target value. It is also evident that at least half of the 8 test samples used to 

determine 𝐴bin the case study have to be bonded for 𝛽1 to be notably higher 

than 𝛽2. However, because of the methodology of considering the sliding 

stability as a parallel system, including the cohesive strength of the bonded 

contacts always results in an increase in 𝛽12, albeit limited for low values of 

𝑛 and 𝑘. 

 
 

Figure 5.4 Safety indices plotted for (a) different 𝑘 when 𝑛 = 8, and (b) 

different 𝑛 when 𝑘 = 𝑛 2⁄  (adapted from Paper V). 
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6. Discussion 

The main purpose of this research project was to determine if and how the 

cohesive strength of bonded contacts can be included when estimating the 

overall shear strength of fully or partially bonded concrete-rock interfaces 

for use in sliding stability analyses of concrete dams. To accomplish this, 

the uncertainties associated with the cohesive strength of bonded 

interfaces had to be identified and their influence on the output of the 

stability analyses determined.  

6.1. Uncertainties associated with the cohesive strength of 

bonded concrete-rock interfaces 

One of the main uncertainties associated with the shear resistance of 

bonded concrete-rock contacts identified in this thesis is the model error 

associated with the brittle failure of bonded contacts in combination with 

spatial variation in cohesion along the interface. To investigate the 

influence of the error on the assessed sliding stability of a dam monolith, 

numerical analyses were performed using different constitutive models. 

The results showed that, for the studied structure, it is not enough to only 

consider the brittle material model and model cohesion with a 

deterministic value; the influence of potential weak spots along the 

interface also had to be taken into account since it further reduced the 

overall shear strength of the interface. Although the results from the 

analysis are only valid for the studied monolith, it is reasonable to assume 

that similar results may be obtained for other dams as well. It is, therefore, 

important that a method for taking into account the model error in sliding 

stability analyses be established.  

Due to the realizations needed to determine a reliable distribution of the 

model uncertainty and the lack of knowledge regarding the correlation 

length of cohesion, the method used herein is extremely time-consuming 

and, thus, not very user-friendly to the industry. A considerably less time-

consuming method for use in reliability-based analyses, where the 

uncertainty is taken into account by adjusting the estimated distribution of 
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the cohesion, was presented by Westberg Wilde and Johansson (2013). 

This method, however, does not take into account the initial stress 

distribution, the stress redistributions or the stiffness of the interface. A 

comparison between the method used herein and the method suggested by 

Westberg Wilde and Johansson (2013) nonetheless showed that for the 

studied monolith both methods yielded similar results with the method 

presented by Westberg Wilde and Johansson (2013) being somewhat more 

conservative compared to the method where the uncertainty is introduced 

as a random variable determined based on the results from the numerical 

analyses. If further research can prove that this is a general conclusion, the 

method is suitable for application in sliding stability analyses using 

reliability-based methods. 

Another uncertainty mainly associated with the model used to 

determine the shear strength of partially bonded concrete rock interfaces 

is whether or not the surface roughness of the unbonded part of the 

interface is mobilized prior to degradation of bond strength. This 

uncertainty arises from the lack of reliable knowledge regarding the strain 

compatibility of bonded and unbonded concrete rock contacts. Therefore, 

a series of 24 direct shear tests, under CNL conditions, was performed on 

concrete-rock samples with different bonding conditions. A comparison 

between the results obtained for the samples with fully bonded and 

unbonded interfaces showed that peak shear strength was reached at 

almost the same shear displacement for both type of samples, indicating 

that it is reasonable to assume that a significant portion of the surface 

roughness of the unbonded contacts can be mobilized prior to bond failure. 

When the individual surface roughness of each sample was taken into 

account, this was supported by the results from samples with partially 

bonded interfaces, in particular for samples with low bonding percentages. 

Nonetheless, further research is required to understand how the 

contribution from roughness may change with an increase in scale and 

degree of matedness before any portion of the surface roughness is 

included when estimating the peak shear strength of partially bonded 

interfaces. 

In addition to the models used to calculate the shear resistance of 

concrete-rock interfaces, the involved parameters, in particular cohesion 

and bonding percentage, are also associated with uncertainty that stems 

from different sources such as inherent variability, statistical uncertainty, 

measurement errors and transformation uncertainty. A framework for 
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estimating the design values of the interface properties based on a limited 

number of site-specific tests and previous knowledge from similar 

structures was presented. The merits of including cohesion considering the 

uncertainties associated with the parameter itself but also with the bonding 

percentage of the interface were then assessed using a reliability-based 

approach to analyse the sliding stability of an existing concrete gravity 

dam. Based on the results from the study it was concluded that due to the 

methodology of considering the sliding stability as a parallel system, 

including cohesive strength is always a gain. However, the increase in 

assessed safety is strongly dependent on the uncertainty associated with 

the involved parameters and for the contribution from the cohesive 

strength to be decisive, the involved parameters must therefore be 

determined based on a significant number of tests.  

6.2. Cohesive strength in sliding stability analyses of concrete 

dams 

Based on the above, it is clear that the influence of the uncertainties related 

to both the involved models and material properties have a significant 

impact on the assessed sliding stability and therefore have to be taken into 

account in sliding stability assessment where cohesive strength is included. 

Doing so, however, is not a simple task. In stability analyses carried out 

using traditional deterministic techniques uncertainties are generally dealt 

with subjectively by selecting reasonably conservative parameters and by 

the use of safety factors. Determining a single, constant value of 𝐹𝑆 

representative of all the uncertainties associated with the cohesive strength 

of fully or partially bonded interfaces, applicable to all dams and yet not to 

conservative nonetheless appears to be rather problematic. It is thus 

questionable if the higher sliding safety factor, based on experience, and 

recommended in many traditional guidelines for dealing with the 

uncertainties associated with cohesive strength, provides an acceptable 

level of safety in all cases. 

Taking into account cohesion when reliability-based methods are used 

to re-assess sliding stability is somewhat less complicated due to the 

possibility of introducing and propagating the uncertainties through the 

analyses. One of the main difficulties in such cases is the quantification of 

the involved uncertainties due to lack of proper data and, in some cases, 

knowledge. In this thesis, a framework for quantification of parameter 

uncertainty was presented and the model error due to brittle failure in 
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combination with spatial variation in cohesion was looked at in detail. 

However, a number of conservative assumptions that influence the gain 

from including the cohesive strength in the analysis are still required. 

More knowledge regarding the impact of matedness and scale on the 

strain compatibility of bonded and unbonded interfaces and on the 

contribution from the surface roughness could result in a modification of 

the assumption that no part of the surface roughness of the unbonded part 

of the interface is mobilized prior to degradation of bond strength.  

Increased knowledge regarding a possible correlation length of cohesion 

could lead to a reduction in variability of the parameter and, thus, also 

contribute to increased assessed sliding reliability. The correlation length 

of a parameter requires however significant amounts of data to estimate 

accurately. A review of publications where tests on concrete-rock samples 

obtained from dams are applied, e.g. Lo et al. (1990) and Westberg Wilde 

and Johansson (2013), shows that the amount of data available for 

individual monoliths and even dams is always far from enough to estimate 

the correlation length of the shear strength properties.  

Nonetheless, even at the present stage of development, taking into 

account the cohesive strength is always a gain when the methodology of 

considering the shear strength of fully or partially bonded concrete-rock 

interfaces as a parallel system of two basic components mobilized at 

different times is used. The magnitude of gain is, however, strongly 

dependent on the number of tests used to estimate the involved 

parameters, i.e. cohesion and bonding percentage. It is therefore suggested 

that comparisons with regard to safety improvement and cost are 

performed for different options for increasing the assessed sliding stability, 

such as increasing knowledge regarding the shear strength parameters by 

additional testing and strengthening the dam by installing pre-stressed 

anchors. 

.
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7. Conclusions and suggestions for future work 

This chapter presents the main conclusions and proposals for further 

research. 

7.1. Conclusions 

 Based on the research presented in this thesis, it is questionable if a 

target factor safety representative of all uncertainties associated with 

shear strength of fully and partially bonded concrete-rock interfaces, 

applicable for all dams and yet not to conservative can be established 

for use in deterministic sliding stability analyses.  

 Taking into account cohesion when reliability-based methods are used 

to re-assess sliding stability is somewhat less complicated since the 

uncertainties associated with a specific case can be incorporated in the 

analysis. A framework is developed for the incorporation of cohesive 

strength in sliding stability dams with fully or partially bonded 

concrete-rock interfaces using reliability-based techniques, based on 

the research presented in this thesis and previous work by other 

researches within the subject. 

 In order for the cohesive strength to contribute noticeable to an 

increase in assessed safety, the involved parameters, cohesion and 

bonding percentage, need to be determined based on a significant 

number of tests, which is normally not available. For practical reasons, 

it is therefore suggested that benefit-cost analyses be performed of 

different options for increasing assessed sliding stability, such as 

increasing knowledge regarding the shear strength parameters by 

testing and installing pre-stressed anchors. 

 The research presented in this thesis also shows that an important 

aspect of testing, besides improving the reliability of the specific 

structure, is compiling a reliable data-base for the shear strength 

parameters of concrete-rock interfaces for use in future projects. This 

will improve the level of knowledge regarding the variances of the 

underlying random variables.
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7.2. Suggestions for future work 

 A way to increase the gain from cohesion in reliability-based sliding 

stability analyses is to avoid conservative assumptions. More 

knowledge regarding the impact of matedness and scale on the strain 

compatibility of bonded and unbonded interfaces and on the 

contribution from the surface roughness could possibly lead to the 

elimination of what may be a conservative assumption, namely that no 

part of the surface roughness of the unbonded part of the interface is 

mobilized prior to degradation of bond strength. 

 Other areas where further research is required to refine the analyses 

include the establishment of a reliable and, preferably, user friendly 

method for taking into account the model error associated with the 

brittle failure of bonded contacts in combination with spatial variation 

in cohesion and the influence of the brittle failure of bonded contacts in 

combination with spatial variation in cohesion for partially bonded 

interfaces. The analyses carried out within this project can be used as a 

starting point for such a methodology. 

 An issue that was not given much attention in this work but that may 

have a significant impact on the shear strength of partially bonded 

concrete-rock interfaces and therefore requires increased knowledge is 

the location of bonded parts in relation to the normal stresses acting on 

the interface. 

 



REFERENCES | 61 

References 

Altarejos L, Escuder I, de Membrillera MG, Serrano A. (2009). Risk 

analysis and probability of failure of a gravity dam. In: Proceedings from 

23rd International Congress on Large Dams, ICOLD, Brasilia, Brazil. 

Altarejos-Garcia L, Escuder-Bueno I, Morales-Torres A. (2015). Advances 

on the failure analysis of the dam-foundation interface of concrete dams. 

Materials 8:8255-8278. DOI:10.3390/ma8125442 

Altarejos-Garcia L, Escuder-Bueno I, Serrano Lombillo AJ, Gómez de 

Membrillera-Ortuño M. (2012). Methodology for estimating the 

probability of failure by sliding in concrete gravity dams in the context of 

risk analysis. Structural Safety 34(1):1-13. DOI: 

10.1016/j.strusafe.2012.01.001. 

ANCOLD (Australian National Committee on Large Dams Incorporated). 

(2003). Guidelines on Risk Assessment, ANCOLD, New South Wales, 

Australia. 

Andjelkovic V, Pavlovic N, Lazarevic Z, Nedovic V. (2015). Modelling of 

shear characteristics at the concrete-rock mass interface. International 

Journal of Rock Mechanics and Mining Sciences 76:222-236. DOI: 

10.1016/j.ijrmms.2015.03.024. 

Andrews JD, Moss TR. (2002). Reliability and risk assessment. 

Professional Engineering Publishing Ltd., London and Bury St Edmunds, 

UK.  

Ang AH-S, Tang WH. (2007). Probability concepts in engineering – 

emphasis on applications to civil and environmental engineering, John 

Wiley and Sons Inc., Hoboken, USA. 

Araújo JM, Awruch AM. (1998). Probabilistic finite element analysis of 

concrete gravity dams. Advances in Engineering Software 29(2):97-104. 

DOI: 10.1016/S0965-9978(98)00052-0. 

Baecher GB, Christian JT. (2003). Reliability and statistics in geotechnical 

engineering. John Wiley and Sons Ltd, Chichester, UK. ISBN: 0-471-

49833-5. 



62 | REFERENCES 

Baecher GB, Ladd CC. (1997). Formal observational approached to staged 

loading. Journal of the Transportation Research Board, 1582:49-52. DOI: 

10.3141/1582-08. 

Ballivy G, Gravel C, El Malki T. (2006). Development of a new 

experimental protocol to estimate the shear strength of concrete rock 

joints. In: Proceedings of the International Society for Rock Mechanics, 

Eurock 06 – Multiphysics Coupling and Long Term Behaviour in Rock 

Mechanics, 563-569, Van Cotthem et al. (eds), Taylor & Francis, London, 

UK. 

Barton N, Bandis S. (1990). Review of predictive capabilities of JRC-JCS 

model in engineering practice. In: Proceedings of International 

Symposium on Rock Joints, 603-610, Loen, Norway. 

Baylosis R, Bennett R. (1989). Safety assessment of an existing concrete 

gravity dam.” In: Proceedings 5th International Conference on Structural 

Safety and Reliability, 279-286, Ang ASH, Shinozuka M, Schuëller GI 

(eds), ASCE, Reston VA, USA. 

Bergman N, Al-Naqshabandy MS, Larsson S. (2013). Variability of strength 

and deformation properties in li-cement columns evaluated from CPT and 

KPS measurements. Georisk 7(1):21-36. DOI: 

10.1080/17499518.2013.763571. 

Bryne LE. (2014). Time dependent material properties of for hard rock 

tunnels., PhD diss., KTH Technical Institute of Technology, Stockholm, 

Sweden. TRITA-BKN. Bulletin 124, 2014. 

Bryne LE, Ansell A, Holmgren J. (2014). Laboratory testing of early age 

bond strength of shotcrete on hard rock. Tunnelling and Underground 

Space Technology 41:113-119. DOI:10.1016/j.tust.2013.12.002 

Bury KV, Kreuzer H. (1985). Assessing the failure probability of gravity 

dams.” International Water Power & Dam Construction 37 (11 ):46–50.  

Carvajal C, Peyras L, Bécue JP, Varon C, Bacconet C, Clergue D, Boissier, 

D. (2007). Towards a probabilistic assessment of structural safety of 

gravity dams. In: Proceedings 14th German Dam Symposium, 7th 



REFERENCES | 63 

European Club of International Commission on Large Dams, Munich, 

Germany. 

CDA (Canadian Dam Association). (2007). Structural considerations for 

dam safety. Technical bulletin. CDA, Toronto, Canada. 

CFBR (Comité Francais des Barrages et Réservois). (2013). Guidelines for 

dam spillway design. CFDR, Paris, France.  

Chen DH, Du CB. (2011). Application of strength reduction method to 

dynamic anti-sliding stability analysis of high gravity dam with complex 

dam foundation. Water Sci Eng 4(2):212-224. DOI: 10.3882/j.issn.1674-

237.2011.02.009. 

Christian J. (2004). Geotechnical engineering reliability: How well do we 

know what we are doing?. Journal of Geotechnical and Geoenvironmental 

Engineering 130(10):985-1003. DOI: 10.1061/(ASCE)1090-

0241(2004)130:10(985) 

Christian JT, Ladd CC, Baecher GB. (1994). Reliability applied to slope 

stability analysis. Journal of Geotechnical Engineering 120(12):2180-

2207. DOI: 10.1061/(ASCE)0733-9410(1994)120:12(2180). 

Dawson RV, Curtis DD, Donnelly RC. (1998). Sliding resistance of 

concrete gravity dams. CEA No. 9331 G 2002. CEATI (Canadian 

Electricity Association Technologies Inc.), Montreal, Canada. 

Ditlevsen OV. (1979). Narrow reliability bounds for structural systems. 

Journal of Structural Mechanics 7(4):453-472. 

DOI:10.1080/03601217908905329 

Donelly CR, Rigbey SJ. (2003). Concepts of shear resistance and practical 

applications. Dam Engineering 16(3):173-217. DOI: 

10.13140/2.1.5047.4566 

Ebeling RM, Pace ME, Morrison EE. (1997). Evaluating the stability of 

existing massive concrete gravity structures founded on rock. Technical 

Report REMR-CS-54, US Army Corps of Engineers (USACE), Washington, 

DC, USA. 



64 | REFERENCES 

Efron B. (1979). Bootstrap methods: Another look at the jackknife. The 

Annals of Statistics 7(1):1-26.  

Elishakoff I. (2004). Safety factors and reliability: Friends or foes? 

Kluwer Academic, Dordrecht, Holland. 

Ellingwood B, Tekie PB. (2001). Fragility analysis of concrete gravity dams. 

Journal of Infrastructure Systems 7 (2):41–48. DOI: 10.1061/(ASCE)1076-

0342(2001)7:2(41). 

EPRI (Electric Power Research Institute). (1992). Uplift pressures, shear 

strengths, and tensile strengths for stability analysis of concrete gravity 

dams. Rep. EPRI TR-100345. Stone and Webster Engineering 

Corporation, Denver, USA.  

Faber MH. (2007) Risk and safety in civil engineering. Lecture notes, 

Swiss Federal Institute of Technology, Zurich, Switzerland. 

FERC (Federal Energy Regulatory Commission). (2002). Gravity dams, 

Chapter III. In: Engineering guidelines for the evaluation of hydropower 

projects. FERC, Washington, DC, USA.  

Foster J, Jones HW. (1994). Procedure for static analysis of gravity dams 

including foundation effects using the finite element method – Phase 1B. 

Technical report ITL-94-5. US Army Corps of Engineers (USACE), 

Washington, DC, USA. 

Griffith AA. (1921). The phenomena of rupture and flow in solids. 

Philosophical Transactions A 221:163-198. DOI: 10.1098/rsta.1921.0006 

Goodman LA. (1960). On the exact variance of products. Journal of the 

American Statistical Association 55(292): 708-713.  

Gu XF, Seidel JP, Haberfield CM. (2003). Direct shear test of sandstone-

concrete joints. International Journal of Geomechanics 3(1):21-33. DOI: 

10.1061/(ASCE)1532-3641(2003)3:1(21). 

Hahn T. (1983). Sprutbetongens vidhäftning mot olika bergytor. Swedish 

Rock Engineering Research Foundation – BeFo and Royal Swedish 

Fortifications Administration – FortF. Report No. BeFo 55:1/83 or FortF 

C 206, in Swedish. 



REFERENCES | 65 

Hahn T, Holmgren J. (1979). Adhesion of shotcrete to various types of rock 

surfaces and its influence on the strengthening function of shotcrete when 

applied on hard jointed rock. In: Proceedings 4th International Congress 

on Rock Mechanics 1:431-440, International Society for Rock Mechanics, 

Montreux, Switzerland. 

Hartford D, Baecher G. (2004). Risk and uncertainty in dam safety. 

Thomas Telford Publishing, London, UK. ISBN: 0 7277 3270 6. 

Hasofer AM, Lind NC. (1974). An exact and invariant first-order reliability 

format.” Journal of the Engineering. Mechanics Division 100(1):111–121. 

Hohenbichler M, Rackwitz R. (1981). On structural reliability of parallel 

systems. Reliability Engineering 2(1):1-6. 

Hohenbichler M, Rackwitz R. (1983). First-order concepts in system 

reliability. Structural Safety 1(3):177-188. DOI: 10.1016/0167-

4730(82)90024-8. 

Holický M. (2008). Background Document 7- Terminology. In: Risk 

Assessment in Engineering, Accessed online 2015-06-17. 

http://www.jcss.byg.dtu.dk/Publications/Risk_Assessment_in_Engine

ering 

Hong C, Jeon S. (2004). Influence of shear load on the characteristics of 

acoustic emission of rock-concrete interface. Key Engineering Materials 

270-273:1598-1603. DOI: 10.4028/www.scientific.net/KEM.207-

273.1598 

Hong C, Jeon S, Bang S, Yoon, J. (2002). Shear deformation and failure 

characteristics of rock-concrete interfaces. In: Proceedings of the 5th 

NAMRS and 17th TAC, 721-725, Hammah R et al. (eds), University of 

Toronto, Canada. 

Hornik, (2006). The R FAQ. Accessed online 2013-05-22. http://cran.r-

project.org/ 

HSE (Health and Safety Executive). (2001). Reducing risks, protecting 

people – HSE’s decision making process. HSE, Norwich, UK. ISBN 0-7176-

2151-0. 

http://www.jcss.byg.dtu.dk/Publications/Risk_Assessment_in_Engineering
http://www.jcss.byg.dtu.dk/Publications/Risk_Assessment_in_Engineering
http://cran.r-project.org/
http://cran.r-project.org/


66 | REFERENCES 

ICOLD (International Commission on Large Dams). (2005) Bulletin 130: 

Risk assessment in dam safety management – A reconnaissance of 

benefits, methods and current applications, ICOLD/CIGB, Paris, France 

ISO (International Organization for Standardization). (2015) ISO 2394 - 

General principles on reliability for structures. ISO, Geneva, Switzerland. 

Jaksa MB, Brooker PI, Kaggwa WS. (1997). Inaccuracies associated with 

estimating random measurement errors. Journal of Geotechnical and 

Geoenvironmental Engineering 123(5):393-401. 

JCSS (Joint Committee on Structural Safety). (2001). Probabilistic model 

code. Accessed online 2015-11-18 

http://www.jcss.byg.dtu.dk/Publications/Probabilistic_Model_Code.asp

x  

Jeppsson J. (2003). Reliability-based assessment procedures for existing 

concrete structures. Ph.D. dissertation, Lund University, Lund, Sweden. 

Jia C, Gao F, Li Y. (2011). Progressive failure research on foundation 

surface of concrete gravity dams. Advanced Material Research 163-

167:1038-1043. DOI: 10.4028/www.scientific.net/AMR.163-167.1038. 

Johnston IW, Lam TSK. (1984). Frictional characteristics of planar 

concrete-rock interfaces under constant normal stiffness conditions. In: 

Proceedings of the 4th Australia-New Zealand Conference on 

Geomechanics, 397-401, National Conference Publication- Institution of 

Engineers, Issue 84, Perth, Australia. ISBN 085825082 ISSN 03136922. 

Kishen CJM. (2005). Recent developments is safety assessment of concrete 

gravity dams. Current Science 89(4):650-657. 

Kodikara JK, Johnston IW. (1994). Shear behaviour of irregular triangular 

rock-concrete joints. International Journal of Rock Mechanics and 

Mining Sciences & Geomechanics Abstracts 31(4):313-322. DOI: 

10.1016/0148-9062(94)90900-8. 

Labuz JF, Zang A. (2012). Mohr-Coulomb failure criterion. Rock 

Mechanics and Rock Engineering 458(6):975-979. DOI: 10.1007/s00603-

012-0281-7. 

http://www.jcss.byg.dtu.dk/Publications/Probabilistic_Model_Code.aspx
http://www.jcss.byg.dtu.dk/Publications/Probabilistic_Model_Code.aspx


REFERENCES | 67 

Ladanyi B, Archambault G. (1970). Simulation of shear behaviour of a 

jointed rock mass. In: Proceedings of 11th US Rock Mechanics Symposium, 

105-125, Berkeley, CA, USA. 

Lam T, Johnston I. (1989). Shear behaviour of regular triangular 

concrete/rock joints – Evaluation.” Journal of Geotechnical Engineering 

115(5):728-740. DOI: 10.1061/(ASCE)0733-9410(1989)115:5(728). 

Link H. (1969). The sliding stability of dams, part III. International Water 

Power and Dam Construction, May. 

Liu J, Feng XT, Ding XL. (2003). Stability assessment of the Three-Gorges 

dam foundation, China, using physical and numerical modeling – Part II: 

Numerical modeling.” International Journal of Rock Mechanics and 

Mining Sciences 40(5):633-652. DOI: 10.1016/S1365-1609(03)00056-X. 

Lo KY, Lukajic B, Wang S, Ogawa T, Tsui KK. (1990). Evaluation of 

strength parameters of concrete-rock interface for dam safety assessment. 

In: Canadian Dam Safety Conference, 71-93. Toronto, Canada. 

Lo YK, Ogawa T, Lukajic B, Dupak DD. (1991). Measurements of strength 

parameters of concrete-rock contact at the dam-foundation interface. 

Geotechnical Testing Journal 14(4):383-394. 

Lupoi A, Callari C. (2009). Probabilistic seismic assessment of concrete 

dams. In: Proceedings 10th International Conference on Structural Safety 

and Reliability, 1758-1765, Furuta H, Frangopol D, and Shinozuka M 

(eds). CRC Press, Osaka, Japan. 

Lupoi A, Callari C. (2012). A probabilistic method for the seismic 

assessment of existing concrete gravity dams. Structure and 

Infrastructure Engineering 8(10):985-998. DOI: 

10.1080/157324479.2011.574819. 

Melchers RE. (1999). Structural reliability analysis and prediction. John 

Wiley and Sons, Chichester, UK. 

Moradian ZA, Ballivy G, Rivard P, Gravel C, Rousseau B. (2010). 

Evaluating damage during shear tests of rock joints using acoustic 

emission. International Journal of Rock Mechanics and Mining Sciences 

47(4):590-598. DOI:10.1016/j.ijrmms.2010.01.004. 



68 | REFERENCES 

Moradian ZA, Ballivy G, Rivard P. (2011). Role of adhesive bond on shear 

mechanism of bonded concrete-rock joints under direct shear test.” In: 

Proceedings 45th US Rock Mechanics/Geomechanics Symposium, 26-29, 

ARMA-11-226, San Francisco, CA, USA. 

Moradian ZA, Ballivy G, Rivard P. (2012). Application of acoustic for 

monitoring shear behaviour of bonded concrete-rock joints under direct 

shear test. Canadian Journal of Civil Engineering 39(8):887-896. 

DOI:10.1139/L2012-073. 

Müller RS, Larsson S, Spross J. (2013). Extended multivariate approach 

for uncertainty reduction in the assessment of undrained shear strength in 

clays. Canadian. Geotechnical Journal 51:231-245. 

dx.doi.org/10.1139/cgj-2012-0176. 

Muralha J, Grasselli G, Tatone B, Blümel M, Chryssanthakis P, Yujing J. 

(2014). ISRM Suggested method for laboratory determination of the shear 

strength of rock joints: revised version. Rock Mechanics and Rock 

Engineering 47:291-302. DOI: 10.1007/s00603-013-0519-z. 

Nadim F. (2007). Chapter 2: Tools and strategies for dealing with 

uncertainty in geotechnics. In: Probabilistic methods in geotechnical 

engineering. Griffiths DV, Fenton GA (eds). SpringerWienNewYork. 

CISM. Udine, Italy. 

Ooi LH, Carter JP. (1987). Direct shear behaviour of concrete-sandstone 

interfaces. In: Proceeding of the 6th International Conference on Rock 

Mechanics 1:467-470. Montreal, Canada. 

Orchant CJ, Kulhawy FH, Trautmann CH. (1988). Reliability-based 

foundation design for transmission line structures: Critical Evaluation of 

In-Situ Test Methods. EL-5507, Vol 2. Cornell University/EPRI, Palo Alto, 

CA, USA. 

Patton FD. (1966). Multiple modes of shear failure in rock. In Proceedings 

1st International Society for Rock Mechanics Congress, 509-513. LNEC 

(Laboratorio Nacional de Engenharia Civil), Lisbon, Portugal. 

Phoon KK, Kulhawy FH. (1999a). Characterization of geotechnical 

variability. Canadian Geotechnical Journal 36:612-624. 



REFERENCES | 69 

Phoon KK, Kulhawy FH. (1999b). Evaluation of geotechnical property 

variability. Canadian Geotechnical Journal 36:625-639. 

Rocha M. (1964). Mechanical behaviour of rock foundations in concrete 

dams. In: Transactions of 8th International congress on large dams. 

Edinburg, UK. 

Ruggeri G, Pellegrini R, Rubin de Celix M, Berntsen M, Royet P, Bettzieche 

V, Amberg W, Gustafsson A, Morison T, Zenz G. (2004). Sliding safety of 

existing gravity dams – Final report. ICOLD European Club. 

Saiang D, Malmgren L, Nordlund E. (2005). Laboratory test on shotcrete-

rock joints in direct shear, tension and compression. Rock Mechanics and 

Rock Engineering 38(4):275-297. DOI: 10.1007/s00603-005-0055-6. 

Saouma V. (2006). Reliability based nonlinear fracture mechanics analysis 

of concrete dam – A simplified approach. Dam Engineering 16 (3): 219-

241. 

Schlater M. (2001). Simulation of stationary and isotropic random fields, 

R-News 1(2):18-20. 

Seidel JP, Haberfield CM. (2002). Laboratory testing of concrete-rock 

joints in constant normal stiffness direct shear. Geotechnical Testing 

Journal 25(4):391-404. Paper ID GTJ200210416_254. 

Silva F, Lambe TW, Marr WA. (2008). Probability and risk of slope 

failure.” Journal of Geotechnical and Geoenvironmental Engineering 

134(12): 1691-1699. DOI: 10.1061/(ASCE)1090-0241(2008)134:12(1691). 

SPANCOLD (Spanish National Committee on Large Dams). (2013). 

Technical Guide on Operation of Dams and Reservoirs. Volume 1. Risk 

Analysis Applied to Management of Dam Safety. SPANCOLD/CNEGP. 

Spross J, Johansson F, Stille H, Larsson S. (2014). On the use of pore 

pressure measurements in safety reassessments of concrete dams founded 

on rocks. Georisk 8(2): 117-128. DOI: 10.1080/17499518.2013.864172. 

Student (1908). The probable error of a mean. Biometrika Trust 6(1):1-25. 



70 | REFERENCES 

Su H, Hu J, Wen Z. (2013). Service life predicting of dam systems with 

correlated failure modes. Journal of Performance of Constructed Facilities 

27(3):252-269. DOI: 10.1061/(ASCE)CF.1943-5509.0000308. 

Sun GH, Zheng H, Liu DF. (2011). A three-dimensional procedure for 

evaluating the stability of gravity dams against deep slide in the 

foundation. International Journal of Rock Mechanics and Mining 

Sciences 48(3):421-426. DOI:10.1016/j.ijrmms.2010.09.004 

SwedEnergy (Swedish hydropower companies’ guidelines for dam safety). 

(2012). Kraftföretagens riktlinjer för dammsäkerhet. Svensk Energi [In 

Swedish]. 

Tekie PB, Ellingwood BR. (2003). Seismic fragility assessment of concrete 

gravity dams. Earthquake Engineering and Structural Dynamics 32(14): 

2221-2240. DOI: 10.1002/eqe.325. 

Tian HM, Chen WZ, Yang DS, Yang JP. (2015). Experimental and 

numerical analysis of the shear behaviour of cemented concrete-rock 

joints. Rock Mechanics and Rock Engineering 48:213-222. DOI: 

10.1007/s00603-014-0560-6. 

Thoft-Christensen P, Baker. (1982). Structural reliability and theory and 

its applications, Springer, New York, NY, USA. 

USACE (US Army Corps of Engineers). (1981). Engineering and design.  

Sliding stability for concrete structures. Technical letter No. 1110-2-256. 

USACE, Washington, DC, USA. 

USACE (US Army Corps of Engineers). (2005). Stability analysis of 

concrete structures. USACE, Washington, DC, USA. 

USACE (US Army Corps of Engineers). (2014). Safety of dams – Policy 

and procedures. Technical letter No 1110-2-1156. Washington, DC, USA. 

USBR (U.S. Bureau of Reclamation). (2011). Dam safety public protection 

guidelines (interim). USBR, Denver, CO, USA. 

Vanmarcke EH. (1977). Probabilistic modelling of soil profiles. Journal of 

the Geotechnical Engineering Division ASCE, 103(11):1227-1246. 



REFERENCES | 71 

Vanmarcke E. (2010). Random fields: Analysis and synthesis. World 

Scientific Publishing. Hackensack, NJ, USA. 

Wei Z, Xiaolin C, Chuangbing Z, Xinghong L. (2008). Failure analysis of 

high-concrete dam based on strength reverse factor method. Computers 

and Geotechnics 35(4):627-636. DOI: 10.1016/j.compgeo.2007.10.005. 

Westberg M. (2007). Reliability-based Evaluation of Concrete Dams. Lic. 

diss., Lund University, Lund, Sweden. Report TVBK-1033. 

Westberg M. (2010). Reliability-based assessment of concrete dam 

stability., PhD diss., Lund University, Lund, Sweden. Report TVBK-1039. 

Westberg Wilde M, Johansson F. (2013) System reliability of concrete 

dams with respect to foundation stability: Application to a spillway. 

Journal of Geotechnical and Geoenvironmental Engineering 139(2): 308-

319. DOI: 10.1061/(SCE)GT.1943-5606.0000761. 

Westberg Wilde M, Johansson F. (2015). Suggested probabilistic model 

code for probability-based assessment of concrete dams. In: Proceedings 

ICOLD 25th Congress/ICOLD 83rd Annual Meeting. ICOLD, Stavanger, 

Norway. 

Vrijling JK, van Hengel W, Houben RJ. (1995). A framework for risk 

evaluation. Journal of Hazardous Materials 43(3):245-261. 

Vrijling JK, van Gelder PHAJM, Ouwerkerk SJ. (2005). Chapter 5 – 

Criteria for acceptable risk in the Netherlands. In: Infrastructure risk 

management processes: Natural, accidental, and deliberate hazards 143-

157. DOI:10.1061/9780784408155.ch05. 

Vrouwenvelder ACWM. (2002). Developments towards full probabilistic 

design codes. Structural. Safety 24:417-432. DOI:10.1016/S0167-

4730(02)00035-8. 

Yanmaz AM, Beser MR. (2005). On the reliability-based safety analysis of 

the Porsuk dam. Turkish Journal of Engineering and Environmental 

Sciences 29: 309-320. 





 

Appended papers 


