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ABSTRACT 

For design and assessment of concrete dams the standard procedure is to calculate safety 

factors and compare with some experience-based requirements. Probability-based design 

and assessment is still in its infancy, but in recent years an increasing number of papers 

has been presented in different contexts, e.g. ICOLD (2009), 3IWRDD (2011). This paper 

describes the background and main contents of a suggested “probabilistic model code for 

concrete dams” that gives recommendations on how to perform probabilistic analysis of 

concrete gravity and buttress structures. The purpose of the work is to educate dam 

owners, consultants and researchers in Sweden and to, in the long-term, implement 

probability-based guidelines and, if found appropriate, partial factors. In this paper, 

some of the most important points in the PMCD are described and an example is given on 

the use. The main conclusion from the work is that the code enables probabilistic 

analyses and also comparisons of dams. When several dams are analyzed using similar 

assumptions, for their specific context, the resulting comparison will become a useful tool 

to identify the necessary remedial works. 

 

1. INTRODUCTION 

Design of infrastructure (dams, bridges, house et.c.) has been based on safety factors. 

During the 1970’s new design guidelines, based on partial factors, were developed and 

later introduced in e.g. bridge and house design in many countries. Within the European 

Union the Eurocodes are mandatory. They are a set of harmonized technical rules 

developed to eliminate the disparities that hinder their free circulation within the Union 

and to lead to more uniform levels of safety in construction in Europe. Verification 

according to Eurocodes can be done by Probability-based methods or by the partial factor 

method.  

 

Design and assessment of dams is not included in the Eurocodes and is, in most countries 

in the world, based on the safety factor format. One major drawbacks of such a safety 

format is that it does not differentiate different parameters according to uncertainty. A 

small benchmark of gravity and buttress type dams of different heights (Ahlsén & 

Holmberg, 2007) revealed that dams of different type cannot be expected to have similar 

levels of safety when a probability-based assessment is made, even though the 

deterministic safety factor were constant and equal to those recommended. The 

benchmark result indicated that the higher the dam, the lower the reliability. In a 

probability-based design and/or assessment methodology, uncertainties in variables are 
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input to the analysis. The advantages of a probability based design/assessment is among 

others that different structures with the same required safety level will have similar failure 

probability, regardless different loading conditions or different materials. In a partial 

factor method larger factors are associated with large uncertainty and in that way a more 

uniform safety level is achieved 

 

This paper describes the process and some results from a project where a “probabilistic 

model code for concrete dams” was formulated. The aim is first to formalize the 

possibility of performing probabilistic assessments for concrete dams and second to 

investigate the possibility to introduce partial factors for dams. The project started in 

2013 and is about to finish during spring 2015. 

 

2. BACKGROUND & THEORY 

The basic requirements described in Eurocode 1990:2002 (CEN, 2002) is that 

“A structure shall be designed and executed in such a way that it will, during its intended 

life, with appropriate degrees of reliability and in an economical way 

 sustain all actions and influences likely to occur during execution and use, and 

 remain fit for the use for which it is required 

A structure shall be designed to have adequate structural resistance, serviceability, 

durability and robustness.” 

The basis is to fulfil reliability for predefined limit states (ultimate, serviceability or 

accidental limit states) related to design situations. Verification that capacity R exceeds 

the load effect S may be performed in three different methods according to Eurocode 

1990: 

 strictly probability based methodology (level III). Gives correct answer to 

reliability problem, but are seldom used for calibration due to lack of data. 

 First-order reliability method (FORM) (level II) where well defined 

approximations give  results that are accurate enough.  

 partial factor method where variables describing the limit state are transformed to 

design values by use of partial factors and -factors (level I). 

Most partial factors and -values in Eurocode are based on calibration based on 

experience from a long building tradition. This calibration may be performed based on a 

reliability-based approach.  

 

As opposed to the approach in the Eurocodes, design of concrete dams is all over the 

world performed based on a deterministic safety format using safety factors. Some 

exceptions exist, see e.g. CFBR, 2013). In a safety factor format the whole safety is 

included in one safety factor, and no distinction is made between uncertainties of 

different variables. This is sometimes referred to as level 0 and is not admissible in 

Eurocode. 

 

Gustafsson et al (2008) showed that Swedish guidelines for analysis of concrete dams 

founded on rock were undifferentiated, both in comparison to the actual level of 

knowledge and in international comparison. For example, no distinction is made between 



 

 

 

dams of different consequences (very low – extremely high) and that the choice of 

acceptable safety factors for shear capacity in the evaluation off sliding stability of the 

monolith does not differentiate basic knowledge from detailed investigations.  

 

Research related to probabilistic analysis of concrete dams has increased the last decade 

or so, see e.g. Ellingwood & Tekie (2001, 2003), Jeppsson (2003), Saouma (2006), 

Carvajal et al. (2007), Lupoi & Callari (ICOLD, 2009), Royet et al (ICOLD, 2009), 

Krüger et al (ICOLD, 2009), Altarejos et al. (ICOLD, 2009), Westberg (2007, 2010), 

Westberg & Johansson (2013) and the benchmark workshop in Valencia 2011 (3IWRDD, 

2011).   

 

Probability-based design is extensively described in e.g. Melchers (1999). In short the 

failure modes of the structure are defined. For each failure mode the limit state when 

failure occurs is described by the limit state function Z = G(x). x are stochastic variables 

for all parameters that describe the limit state. Next the probability of failure, i.e. the 

probability of exceeding the limit state, is estimated. It is common to instead of 

probability of failure refer to the safety index , since the probability of failure is only 

exact for independent normal variables. The relation between probability of failure pf and 

 may be approximated by  

   [ 0]fp P G x          (1) 

High value of  corresponds to low probability of failure. In practical application in 

general the integration in eqn 1 is performed by e.g. FORM and also sensitivity values 

1-n are defined. Sensitivity values describe the importance of included parameters on 

the probability of failure. 

 

When pf has been evaluated it is necessary to compare to the acceptable failure 

probability, or to compare  to the target value target, to assess if the structure is safe 

enough. Based on the statistical information and target partial factors can be defined. 

 

3. PROPOSED WORK-PLAN TO DEFINE PROBABILISTIC METHOD FOR 

CONCRETE DAMS 

Swedish dam owners acknowledged the disadvantages of the current recommendations 

for design and assessment of concrete dams and decided to investigate the possibilities to 

define a probability-based methodology. The purpose is to educate dam owners, 

consultants and researchers and to, in the long-term, implement probability-based 

guidelines and, if found appropriate, a partial factor format. 

 

A pre-study concluded that to support a successful dam safety work, dams should be safe 

enough and evenly safe for a defined safety level (safety levels related to consequences), 

irrespective of height and dam type. Analysis should result in sound support for decisions 

that give possibility to prioritize measures to give the best risk reduction in relation to 

cost.  

 



 

 

 

The pre-study suggested the following workplan to bring forth a probability-based 

methodology:  

1. Formulate a “probabilistic model code for concrete dam (PMCD)”. It should be 

based on Eurocode and the “probabilistic model code ” by Joint Committee on 

Structural Safety (PMC, JCSS, 2001). Both these documents are for design of 

buildings and other types of structures, but not for dams. PMC should define 

requirements, principles, models for analysis, material and load parameters 

(based on best estimates and best available knowledge) as well as required safety 

level. The purpose of PMCD is to define a reasonable description of parameters, 

based on the knowledge available today, including limit states and load 

combinations. 

2. Analyze representative cases. The purpose is twofold; to test the PMCD and to 

aquire enough data to define a target safety level. The representative cases should 

be dams that fulfil the deterministic requirements, but are “close” to the required 

safety factors. 

3. Define target safety, T. Target safety values are given in e.g. Eurocode for 

structures, but the actual value is a function of assumptions made, for this reason 

it has to be investigated what a representative T for dams should be. 

4. Forumulate a final probability-based methodology. 

5. Analyse possibilities to develop to a partial factor format for design and 

assessment of concrete dams. 

 

4. SUMMARY OF IMPORTANT PARTS OF “PROBABILISTIC MODEL CODE 

FOR CONCRETE DAMS” 

The PMCD is divided into three parts and the following section presents the most 

important from each part.  

 

4.1 PART I: BASIS OF DESIGN 

Defines requirements, principles of limit state design, reliability, target reliability, 

verification (limit state functions), design situations and how updating of prior estimates 

of parameters may be done and included.  

 

Only ultimate limit states are treated. The limit state functions for failure in the contact 

are adjusted overturning (where the point of rotations is moved in a way comparable to 

that described by Fishman (2007)) and sliding. Adjusted overturning accounts for the 

possible crushing of concrete or rock mass at the downstream toe before overturning 

occurs. This is done by successively adjusting the point of rotation in the upstream 

direction as the crushing proceeds. In the calculations, the length of the crushed zone, a, 

is first estimated from vertical force equilibrium as the effective normal force divided by 

the weakest uniaxial compressive strength of the concrete or the rock mass. 

Limit states for failure in the contact and concrete has also been defined.  

 



 

 

 

Design situations are overall similar to those described in the deterministic guideline, 

however some distinctions exist. One example is that uplift reduction due to the effect of 

drains and grouting may only be accounted for in calculations if 

 Continuous monitoring of uplift pressures is performed 

 Maintenance programme for the drainage system is available  

 An action plan on how to quickly take care of upcoming problems is present 

The reason is that in time, clogging may reduce the drain efficiency and leaching will 

reduce the effect of the grout curtain. In addition, even though measured pore pressure 

could indicate low values, a future event with clogged drains could govern the probability 

of failure if the return period for clogged drains is sufficiently small. Without monitoring 

and analysis of monitoring results there is no possibility to identify trends and thus it is 

not possible to know when these processes start and how they develop. For this reason, if 

monitoring is not present the normal design situation should be full uplift. Only for drains 

complemented by monitoring full drainage capacity can be included. 

 

The target safety index is under evaluation. In Eurocode the target safety index is T = 4,8 

for structures in Reliability class 2 (5.2 for reliability class 1). Preliminary results from 

analyses of Swedish give at hand that T for sliding of the concrete dams may be 4.6. This 

is slightly lower than the values in Eurocode, but it must be remembered that the target 

value is dependant on the assumptions made.  

 

Updating of prior estimates and the possibility to incorporate test results is one of the 

most important possibilities in a probability-based methodology. Test results may be 

incorporated using a Bayesian approach.  

 

4.2 PART II: LOAD MODELS 

Includes load models, ice load, hydrostatic pressure, uplift pressure, earth pressure and 

soil properties. Seismic actions are not included. These are not included in the 

deterministic guideline, since earthquakes of significance does not appear in Sweden. It 

may well be discussed if seismic actions should be included in a probabilistic model 

code, but in the first stage it has been left out. 

 

One example of a load model described is for ice loads. Ice loads are caused mainly by 

thermal expansion, but may also be affected by water level fluctuations. Uncertainties 

related to ice load are substantial. Neither statistical distribution, nor mean value or 

standard distribution is known. In a previous work Adolfi & Eriksson (2013) summarized 

measurements that have been carried out all over the world, including extensive 

measurements in Canada (Comfort et al, 2000). From this a statistical distribution was 

adopted (LN (81,86) kN). In addition, Carter et al (1998) proposed that the maximum ice 

load on a concrete dam is limited by the capacity of the ice related to buckling, according 

to  

H = 253h1,5 (2) 

where H is the horizontal ice load on the dam and h is the ice thickness. 

  



 

 

 

Based on this ice load is described by    1I Ih h   and    1I I Ih V    

where 1(1 m) is 80 kN and the coefficient of variation V1 is 1. The ice thickness is 

defined by measured ice loads from the Swedish meterological and hydrological institute 

(SMHI). The parameter is also limited so that values higher than Imax ~N(250h;2500,1h) 

can not occur. 

 

Another example of a load model is uplift. Uplift pressure U and uplift moment Um is 

defined as  

d

m dm m

U U C

U U C








     (3) 

where Ud and Udm are the design assumptions according to the below figures and C and 

Cm are parameters. C ϵ N(1; 0,05) and Cm ϵ N(1; 0,05) when no drains exist. When there 

are drains the variability is expected to be larger due to possible effects/efficiency of the 

drains and for this case C ϵ Beta (1.96; 1.95; 0.08; 1.9) and Cm ϵ Beta (2.22; 1.33; 0.11; 

1.49). The Beta-distributions have mean value 1 and coefficient of variation of 

approximately 0,4. Due to physical limitations it may not become larger than 1.9 (force) 

and 1.49 (moment) and not less than 0.08 and 0.11, this is due to physical limitations.  

 
Figure 1. Design assumption (RIDAS, 2012). 

 

Figure 2. Design assumption when inspection gallery and drainage exist. (RIDAS, 2012). 
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4.3 PART III: RESISTANCE MODELS 

Includes general principles, self weight, shear resistance of concrete-rock interface, 

friction angle of rock joints, compressive and tensile strength of concrete, uniaxial 

compressive strength of rock mass, rock bolts and rock anchors. 

 

The shear resistance of the concrete-rock interface can be divided into two separate 

cases; when an intact bond exists and cohesion is accounted for and when the bond is 

broken and no cohesion is included. Even though cohesion may exist in the interface, the 

uncertainties associated with this parameter are large. At this point too many questions 

remain related to mean value, standard deviation and extent of cohesion, and a broken 

bond is therefore assumed.  

The base friction angle bc is assumed to have a normal distribution ϕbcϵN(35;1,75)°. The 

dilation angle , ic, for a blasted rough surface can be assumed to have a log-normal 

distribution with icϵLN(15;3)°. If the dam was founded on smooth surfaces, or if it can´t 

be verified that the dam is founded on a blasted rough surface, ic ϵLN(5;1)°. 

 

5. EXAMPLE OF CALCULATION BASED ON PMCD 

The PMCD has been used to estimate safety index  (or pf) for18 monoliths (8 gravity 

type monoliths and 10 buttress type).  Result of calculations of one gravity monolith is 

shown below.  

 

The dam is a gravity structure, and the layout is shown below. It has a frontplate that 

transfer the hydrostatic pressure via beams into the dam body. It also has an additional 

drainage gallery further downstream in the dam body, but there are no drainage holes. To 

increase stability pre-stressed anchors has been introduced.  

 

Figure 1.Section of analyzed dam. 

 



 

 

 

The parameters used in the analysis are shown in Table 1. Results are shown in Table 2. 

Calculation has been performed for the actual configuration of prestress that gives safety 

factors of 1,49 and 1,57 for sliding and overturning (compared to the required level of 

1,35 and 1,5). To fulfil the requirements less prestress is necessary, and calculation has 

also been performed for that case.  

 

Sensitivity values are presented in Table .   

 

Table 1. Input parameters 

Random Variables Unit Notation Distribution 
Mean 

Value 

Standard 

Dev. 
COV 

Unit weight concrete kN/m3 𝜌𝑐  Normal 23,5 0,8 0,034 

Basic friction angle, concrete-

rock 
° ∅𝑏 Normal 35 1,75 0,05 

Dilation angle, concrete-rock ° 𝑖 Lognormal 15 3 0,2 

Uplift pressure ° C Normal 1 0,05 0,05 

Uplift moment ° Cm Normal 1 0,05 0,05 

Jacking Force Pre-stressed 

Anchors 
kN/m 𝑃0 Normal 540 40,5 0,075 

Losses of Pre-stressed Force kN/m 𝛥𝑃(𝑥, 𝑡) Normal 54 16,2 0,30 

Ice Load kN/m 𝐼 Lognormal 80 80 1,00 

Maximum Ice Load kN/m 𝑀𝑎𝑥. 𝐼 Normal 250 25 0,10 

Compressive Strength of the 

Rock Mass 
Mpa 𝜎𝑐𝑚 Constant 20 - - 

 

Table 2. Results of reliability analysis. 

 
Sliding Overturning 

sf  sf 

1. Prestressed 1,49 6,04 1,57 10,1 

2. Prestressed to sf 1,35 and 1,5 1,35 4,97 1,5 9,36 

 

Table 3. Sensitivity values of case 1. 

Variable Sliding Overturning 

c 0,41 0,65 

I -0,38 -0,31 

Max I -0,1 -0,38 

tan b 0,55 

 tan ic 0,55 

 P0 0,19 0,45 

P -0,08 -0,18 

C -0,18 

 Cm 

 

-0,33 

 

The most important parameters for the sliding limit state in the above example are friction 

angle and dilation angle. When the dam is prestressed to the actual level (540 kN/m) the 

safety index is 6.0 which is considerably higher than the target safety index defined 



 

 

 

previously of 4.6. If a prestress of only 260 kN/m was considered the safety index is 

approximately 5.0 and also exceeding the target value.  

For overturning , above example give very high safety index. The most important 

parameters in that case is concrete density followed by prestressing force.   

 

6. CONCLUSIONS AND RECOMMENDATIONS 

The “probabilistic model code for concrete dams” is the first methodology description on 

how to perform probabilistic analyses of concrete dams. It gives a summary of part of the 

available knowledge of statistical information of parameters for concrete dams and 

suggests best estimates with respect to the present knowledge. It is recommended that 

updates are made as further knowledge and statistical information becomes available.  

 

The defined target safety index is a nominal value, and as such dependent on the 

assumption made in the PMCD. Changes in assumptions will affect the target value. Even 

so it is believed that the code enables probabilistic analyses and also comparisons of 

dams. When several dams are analyzed using similar assumptions, but for their specific 

context, the resulting comparison will be a useful tool to identify necessary remedial 

works and find the most effective measure to be taken. 

 

Future work will include analysis of possibility to define partial factors that capture the 

different design situations.  

 

Further development of the PMCD will be necessary, e.g. better statistical description for 

ice load and cohesion will improve the code and give better results. It is clear that there 

are areas where knowledge is insufficient. This is generally known when the deterministic 

safety checking is used. The proposed “probabilistic model code for concrete dams” does 

not in itself solve those questions, but when applying a systematic approach and a 

probabilistic format for safety checking it is even more obvious. Examples are ice load, 

where large uncertainties exist but are generally not quantified, scale effect for rock joints 

and variation of uplift.  
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