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ABSTRACT 

The presented research topic explores the probabilistic assessment of a retaining wall, dealing with 
reliability-based analysis of soil-structure interaction using the Finite Element Method (FEM). This 
is not only important in the context of an assessment, but also to gain insight and develop the 
instruments that allow engineers to use reliability/probabilistic approaches for decision making. The 
developments that link FEM and probabilistic methods started a few years ago, and this solution 
seems ideal to quantify the hidden conservatism in the usually carried out semi-probabilistic 
assessments, since (usually) the employed safety factors are derived from simple models and 
limited probabilistic calculations together with several conservative assumptions. The main goals of 
this paper are to present the potential of a reliability-based analysis, and guide the reader through 
all the implementation, coupling of the FEM model and the reliability analysis, for a retaining wall 
example. 
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1. INTRODUCTION 

The assessment of an existing structure is 
a common concept for engineers. In the 
particular case of the Netherlands, flood 
defense structures are periodically tested 
against legal safety standards. These 
standards are in terms of maximum 
allowable probabilities of flooding, and as 
a result, a set of instruments for assessing 
the safety of flood defenses were, and still 
are, being developed within the project 
‘Legal safety assessment 2017’ (Dutch 
acronym WBI 2017). The WBI 2017 will 
include probabilistic and semi-probabilistic 
assessment procedures for the different 
types of flood defenses, such as dikes, 
dunes and hydraulic structures.  

 The current Dutch approach, as 
required by the Dutch Flood Defense Act 
from 1996, employs these periodic safety 
assessments of the existing structures to 
warrant an appropriate protection level 
from flooding (Jongejan et al., 2013), with 
the main advantage of obtaining a 
uniformly generated overall picture of the 
flood defense system, including 
information on the weak spots and the 
locations where re-design and 
reinforcement is most urgent. 

 At Deltares, the assessment 
framework, corresponding guidelines and 
the instrument(s) for the assessment itself, 
have been studied and developed for the 
next legal assessment, i.e. WBI 2017. In 
this context, the presented research 
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explores the probabilistic assessment of a 
hydraulic structure, dealing with reliability-
based analysis of soil-structure interaction 
using the Finite Element Method (FEM). 

 Usually, safety factors derived based 
on simple models and limited probabilistic 
calculations are employed together with 
several conservative assumptions for the 
design or the assessment of hydraulic 
structures. The developments that link 
advanced FEM and probabilistic methods 
started few years ago, and they seem an 
ideal solution to quantify the hidden 
conservatism in the usually carried out 
semi-probabilistic assessments (Schwe-
ckendiek, 2007; Wolters, 2012; Rippi, 
2015; Teixeira, 2015). 

 Probabilistic methods are the basis to 
develop proper assessment tools to 
explicitly handle the different types of 
uncertainties (CUR, 1997). These can be 
used for various types of engineering 
structures, and this paper shows its 
application to a case study of a retaining 
wall (hydraulic structure) – see case study 
in Figure 1. 

     The paper presents the implementation 
and results of a reliability-based 
assessment, carried out with Directional 
Sampling and First Order Reliability 
Method (FORM), for the case study of a 
retaining wall (as presented in Figure 1). 
Note that the case study is mainly based 
on a real structure, which is important for 
the lessons learned during the analysis.  

The main goals are: 

 (2) to present the potential of a 
reliability-based analysis, for example for 
an optimized design procedure (when 
compared to the current used safety 
factors), or for a more rational 
quantification of the uncertainties, 
avoiding hidden conservatism in the 
usually carried out semi-probabilistic 
assessments, 

(1) and to guide the reader through 
some of the challenges of the 
implementation of such an analysis, 
including the coupling of the FEM model 
and the reliability analysis (framework), 
choosing the uncertainties and important 
failure modes to be taken into account. 

2. UNCERTAINTY AND RELIABILITY 
BACKGROUND 

Most of the times, designs are based on a 
semi-probabilistic approach, using safety 
factors for load (S) and resistance (R) 
parameters. Latest developments and the 
possibility to perform numerous 
computations, allow reliability based 
designs or assessments introducing 
uncertainties from all the involved 
parameters. It is, therefore, possible to 
determine the probability of failure (or the 
reliability) of the system, which will lead 
towards a more "rational" design, without 
the need of safety factors, which 
sometimes are not specified on design 
codes. In order to obtain a reliability 
assessment/design we set up the 
performance function(s), define the 
random variables and the target reliability.  

 

Figure 1. Case study: retaining wall [deformations] 
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2.1. Performance Function(s) 

A performance function, or limit state 
function, defines the ultimate or 
serviceability state of a mechanism, which 
is the boundary between desirable and 
undesirable performance. In general 
terms, a limit state function can be written 
as shown in eq.(1). When multiple 
mechanisms can affect the failure, the 
system failure probability is given by eq.(2) 
for a series system. 

     Z R S   (1)
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Herein, pf is the probability of failure, Z the 
limit state function for the sub-
mechanisms and P[i] is defined as the 
probability of the event i.  

2.2. Reliability methods 

A Monte-Carlo approach can be used for 
the simulation of the combination of the 
mechanisms to determine the probability 
of failure, but also the Hohenbichler and 
Rackwitz (1983) approach can be used 
within FORM (first order reliability 
method). 

 FORM is an approximate method, while 
ordinary Monte-Carlo or Directional 
Sampling are pure probabilistic methods 
with higher accuracy. The Monte-Carlo is 
a very straightforward method, while 
FORM has some limitations when 
complex Z=0 are necessary and/or it is not 
possible to approximate with Normal 
distributions. On the other hand, influence 
coefficients and design point values are 
an important and useful by-product of 
FORM. With these, one can assess the 
influence of each random variable and 
choose the necessary number of basic 
variables of a problem (random variables 
can be reduced without compromising the 
accuracy of the reliability calculation). 

 Therefore, Directional Sampling seems 
to gather two important advantages which 
are the computational time (very optimised 
in comparison with crude Monte-Carlo 
simulations) and fully probabilistic method 
(taking into account all characteristics of 

the random variables and getting quite 
accurate results). During this research, 
methods FORM and DS are applied. For 
more information on these and more 
reliability methods please refer to Rippi 
(2015). 

2.3. Random Variables 

A random variable is a parameter within 
the limit state function for which a specific 
uncertainty is admitted. Some background 
is given for example in Phoon and 
Kulhawy (1999a,b) and Jongejan et al. 
(2013). General statistical information 
regarding soil properties have been 
published there and the VNK2-project 
(2013) also provides information about the 
parameters to be used for water levels 
and for soil properties. Usual random 
variables (or uncertainties) are associated 
to the different soil parameters, their 
strength properties, the spatial variability, 
the hydraulic or other loads, the theoretical 
approaches used to model the failure 
mechanism's behaviour and also with the 
geometry of the problem. 

2.4. Target Reliability  

The base of a reliability analysis process 
is that the system should achieve an 
acceptable reliability target (βT). In the 
Netherlands, this target is based on the 
safety standards formulated in terms of 
the “exceedance probability of the 
normative load event” (DPV, 2014). For 
example, a safety standard of 
Pnorm=1/2,000 yr-1 would mean that the 
design water level corresponds to an 
annual exceedance frequency of 1/2,000 
(or a return period of 2,000 years). Since 
the reliability is a measure of the 
probability that our system does not fail, βT 
is related with the probability mentioned 
above, eq.(3).  
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 However, some considerations need to 
be made in order to transform the 
allowable probability of failure/flooding 
(Pnorm) to the allowable probability of failure 
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for a specific element of your flood 
defence (pfT) – Jongejan et al. (2013). 

3. THE COUPLING 

3.1. FEM software 

The conventional method for a 
geotechnical stability analysis in a soil 
body is represented by the Limit 
Equilibrium methods (LEM) although FEM 
is increasingly used by researchers. The 
latter had been proved quite realistic for 
the progressive behaviour (i.e. stress-
strain development in different 
construction phases) of a soil system 
under the effect of stress redistribution in 
comparison with LEM (Johansson & 
Sandeman, 2014). Moreover, FEM 
seemed to perform also better for the 
simulation of retaining walls in comparison 
with the classical methods (Blum, Engel, 
Krey etc.) (González et al., 2013).   

Therefore, in this research, the FEM 
simulation is carried out with the 
commercial software Plaxis 2D 2015. 

3.2. Reliability package 

The latest features of Plaxis allow Python 
scripting and connection and thus 
coupling was carried out with an 
uncertainty package available in Python 
language: OpenTURNS (OT). 

Via OT, the reliability analysis can be 
carried out with several reliability methods 
(OpenTURNS 1.5, 2015). In this research 
Directional Sampling (DS) and the First 
Order Reliability Method (FORM) have 
been utilized. As referred before, DS is 
considered to be a fully probabilistic 
method whereas FORM is a probabilistic 
method with approximations.  

Recall that DS is a method in which 
directions are sampled. For each direction, 
it is evaluated whereas along a certain 
direction, the limit state function equals to 
zero or not. This is carried out in 
successive steps that are defined by the 
user. As far as the FORM is concerned, 
the random variables are transformed into 
the normalized space and the concept is 
based on the approximation of the limit 
state function with a linear polynomial.  

3.3. Coupling FEM-RA 

The coupling of reliability analysis (RA) 
and FEM requires an interface for the 
communication between each other. 
When a reliability tool is coupled with 
another software program, the reliability 
program carries out the whole reliability 
analysis and it uses the other program 
only for the evaluation of the limit state 
function. More precisely, OT interface 
should be able to amend the input random 
variables and read Plaxis output for 
important variables, such as material 
parameters, pore pressures generation 
and stresses development and 
corresponding deformations inside the 
dike. Respectively, Plaxis has to be also 
capable of obtaining the new values that 
have been set by OT for the variables that 
are treated as stochastic, during an 
iterative process according to the reliability 
assessment. In Figure 2, an illustration of 
the coupling methodology and its function 
is shown. 

Reliability module

interface

- RA method

- Random variables

- Correlation matrix

- Limit state function (LSF)

 
Figure 2. Coupling OpenTURNS <> Plaxis 

 

In principle, an input file is firstly 
required where the user sets the 
preferable reliability method, the 
stochastic input parameters and their 
probability distributions, the joint 
probability distribution, the corresponding 
correlation matrix and finally the limit state 
function. However, such input file should 
be interpreted so as to be readable by 
both Plaxis and OT. Therefore, an “input” 
interpreter that helps OT to start up the 
reliability analysis according to the 
assigned aforementioned definitions, is 
necessary.  

Keep in mind that the evaluation of the 
limit state function is conducted by Plaxis. 
For that purpose, an interface should allow 
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sending the next set of input parameters 
from OT to Plaxis. This interpreter also 
allows the transfer of the required value of 
the limit state function to OT. 

4. THE IMPLEMENTATION: RETAINING 
WALL 

The case study of the retaining wall is 

presented in the following figure: 

 

 Focus is given to the ultimate limit 
state, which describes the situation 
wherein the acting extreme loads are just 
balanced by the strength of the 
construction. If that limit state is exceeded 
the construction will lose its functionality 
and thus collapse or fail.  

 Here, the detected elements prone to 
failure are the sheet pile, the anchor and 
the soil body. The analytical LSF (limit 
state functions) are set as in eq.(4). For 
multiple limit states the event will be 
defined for the minimum value (series 
system) of the separate limit states. Note 
that the information/values highlighted in 
the formulas correspond to outputs of 
Plaxis. 

 

min

sheet pile

sheet pile anchor soil anchor

soil

Z

Z Z Z Z Z

Z




    



 (4)

 

Where: 

(4.1)

 

 

(4.2)

 

 

(4.3)

 

 

 Although in reality all parameters have 
a stochastic nature, a high number of 
stochastic variables leads to less robust 
probabilistic calculation and a significant 
increase in necessary computation time. 
Furthermore, it is also unnecessary to 
consider uncertainties that do not have 
significant influence in the probability of 
failure. Therefore, in the final RA 
calculations a choice is made for a limited 
number of soil parameters to be included, 
which should correspond to the 
uncertainties that mostly influence the 
probability of failure result. This choice is 
based on expert judgement but also on 
previous similar studies. 

 Random variables within this analysis 
included: 

 Thickness reduction of the sheet 
pile and anchor due to corrosion,  

 Soil bottom level at the water side, 

 Loading value, 

 Soil parameters, e.g. c, phi, 

 Structural parameters, e.g. EA, EI. 

 Also, correlations between e.g. soil 

 

Figure 3. Case study: retaining wall [geometry] 
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parameters are taken into account with a 
correlation matrix. Uncertainties that are, 
in this case study, not taken into account 
include the modelling error, the water level 
and the sub-soil division/layering.  

 Initially, the different mechanisms were 
studied individually, with the intention to 
combine them in a system failure 
probability afterwards (Hohenbichler’s 
method). However, due to several 
reasons, it was decided to proceed with 
the reliability analysis that considers the 
three mechanisms simultaneously (i.e. 
system reliability analysis with DS). One of 
the main reasons for this choice was that it 
is actually difficult, within a FEM 
environment, to totally separate the failure 
mechanisms in an analysis. 

 It was clear in the analysis that 
numerical settings, as in all FEM 
computations, are very important to 
achieve realistic and correct modelling 
results. Furthermore, the computational 
time for the reliability analysis was in the 
order of 1 to 2 days for a common i7, 
4/8Gb RAM computer. 

 In the curve shown in Figure 4, one can 
see the ‘water level vs reliability index’ 
relation, including the confidence interval 
(computed based on the coefficient of 
variation result of the DS reliability 
analysis). The graph presents 4 points 
which represent 4 carried out 
computations. 

 As expected, the higher the reliability 
index is (lower probability of failure) the 
less accurate the DS analysis is.  
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Figure 4. Case study: retaining wall  

[reliability results] 

 

5. LESSONS LEARNED AND 
CONCLUSIONS 

Probabilistic reliability analyses provide 
results beyond the metrics strictly required 
for design and assessment purposes, 
such as the probability of failure or the 
reliability index. A typical by-product is the 
so-called design point and the associated 
influence coefficients. The latter 
essentially indicates the contribution of 
each (random) variable to the total 
uncertainty. This information is useful to 
designers because they can infer from it if 
their focus should be on improving the 
structural design or reducing uncertainties 
in subsoil conditions. The influence 
coefficients can also give clear indications 
of which subsoil strata are dominant in the 
failure mechanisms at hand. 

 This paper presented the 
implementation of probabilistic analysis to 
a quite complex system, including different 
soil and structural elements and an 
advanced 2D failure evaluation based on 
FEM. 

 In the case study of a retaining wall, as 
studied in this paper, the limit state 
(failure) evaluations are carried out with 
Plaxis, while the reliability analysis is 
carried out through a probabilistic and 
reliability analysis library (OpenTURNS). 
The connection between the two is 
explained and successfully implemented. 

 Overall, instability of the structure could 
not be (robustly) analysed with FORM and 
we resorted to Directional Sampling (DS) 
for the system failure. DS is almost as 
robust in producing results as Crude 
Monte-Carlo sampling, with substantially 
lower computational effort.  

 The main conclusion regarding the 
feasibility of reliability analysis of retaining 
walls with FEM from this study is that 
results can be produced with some 
simplification in the modelling and that 
future efforts should address (a) structural 
modelling closer to design practice and (b) 
further increasing the robustness of the 
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reliability analysis while decreasing 
computation times, for example by using 
response surfaces. 

 It is well-known that design recipes in 
codes of practices, including the 
corresponding partial factors, are 
conservative in terms of the actual 
reliability they produce on average, 
because they need to cover a wide range 
of structures and subsoil conditions. As a 
consequence, a fully probabilistic design 
should (in most cases) lead to a more 
economic design than the semi-
probabilistic one. This implies substantial 
potential savings. Also, in assessment 
situations it may happen that a structure is 
not considered safe based on a semi-
probabilistic approach, or there is no 
assessment method available at all. 
Meanwhile, a fully probabilistic analysis 
shows that the target reliability may be 
met. Of course, the presumption here is 
that the semi-probabilistic design or 
assessment method is appropriately 
calibrated using fully probabilistic 
analyses. For many structures this is not 
yet the case. For these structures it is 
highly recommendable to carry out such 
comparisons or calibration studies to 
make sure the designs produced actually 
achieve the intended target reliability 
levels. 

 Finally, it is important to mention that 
such studies are not only important for this 
type of assessments, but it is in general 
also important to gain insight and develop 
the instruments that allow practicing 
engineers to use reliability/probabilistic 
approaches for prioritization in the 
replacement or reinforcement task(s) of 
hydraulic structures, for retrofitting design 
as well as for maintenance planning. 
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