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Abstract. The Dutch design codes for the dikes with retaining walls rely on Finite Element Analysis (FEM) in
combination with partial safety factors. However, this can lead to conservative designs. For this reason, in this study,
a reliability analysis is carried out with FEM calculations aiming to demonstrate the feasibility of reliability analysis
for a dike with an anchored sheet pile wall modelled in the 2D FEM, Plaxis. Sensitivity and reliability analyses were
carried out and enabled by coupling the uncertainty package, OpenTURNS and Plaxis. The most relevant (ultimate)
limit states concern the anchor, the sheet pile wall, the soil body failure (global instability) and finally the system. The
case was used to investigate the applicability of the First Order Reliability Method (FORM) and Directional Sampling
(DS) to analysing these limit states. The final goal is to estimate the probability of failure and identify the most
important soil properties that affect the behaviour of each component and the system as a whole. The results of this
research can be used to assess and optimize the current design procedure for dikes with retaining walls.

1 Introduction

Flood defence systems are large engineered systems
protecting flood-prone areas from inundation. Since the
consequences of failure of flood defences can be
significant, it is worthwhile to analyse the reliability of
such systems. In the Netherlands, after the safety
assessment of 2011, it has been declared that 33% of the
primary flood defences does not comply with the safety
standards. As countermeasures, as far as the
reinforcement of the dikes is concerned, several structural
techniques have been introduced amongst which the most
promising one is the construction of retaining walls inside
the dikes. Such a technique can both improve the macro
stability of the dike’s inner slope and save space towards
the inland part that needs to be habited. A special
implementation of such a retaining wall is the anchored
sheet pile wall, depicted in Fig. 1, that is often being
applied in the Netherlands and it is going to be examined
in this paper as a case study.

Figure 1. Schematized dike section with an anchored sheet pile
wall
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The Dutch design codes for the dikes with retaining
walls modelled in FEM rely on the determination of
partial safety factors [1]. Specifically, the load and
resistance factor design (LRFD) approach is used. The
LFRD code employs partial factors (e.g., resistance
factors and load factors), which have been calibrated to
achieve a target reliability index. In general, when
applying a LRFD code for the design of a geotechnical
structure, the nominal values of wuncertain input
parameters (e.g., resistance term and load term) should be
selected (e.g., [2], [3]). However, the uncertainties in soil
parameters and the applied loads, due to spatial
variability and/or limited data availability, often make it
difficult to quantify these values. Consequently, the
predicted performance of the designed structure is also
uncertain, that makes a conservative design to be more
attractive. However, an overly conservative design tends
to be cost-inefficient. Moreover, the recent Delta
programme [4] includes new safety standards that are
based on the evaluation of the acceptable flood risk
(probability of failure (x) consequences) of each dike ring
rather than only its strength towards a design load. This
implies the need for incorporating more advanced
probabilistic methods for design purposes.

Therefore, the incapability of the current design
scheme to deliver an economic structure that satisfies the
safety standards and simultaneously, the new
requirements of the Delta programme makes it urgent that
a new concrete design methodology is developed. For
that purpose, in this research, the objective was to

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
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implement a full probabilistic analysis for evaluating the
reliability of a dike reinforced with an anchored sheet pile
wall modelled in FEM, so as to take into account all the
possible uncertainties of the soil parameters and thus the
uncertainties of the structure’s performance.

This reliability analysis is an important step for
incorporating the probabilistic methods in the design
procedure by modelling the system performance in a
reliable FEM software that diminishes the performance
uncertainties. The implementation of such an analysis in
this system can help to realize what the relevant,
triggering failure mechanisms are and identify the most
influencing parameters whose uncertainty plays a key
role for the reliability of the structure. Additionally, the
experience gained from this research can enhance the
robustness and the efficiency of the future reliability
methods.

In order to achieve that, a coupling between FEM and
reliability methods has been applied. The most relevant
(ultimate) limit states that were taken into account in this
analysis, concern the anchor, the sheet pile wall and the
soil body (global instability). In principle the probability
of failure of each limit state and the most influencing
parameters were estimated.

In previous studies, the influence of soil properties’
uncertainties and the robustness of probabilistic methods
have been also investigated in different type of structures
(e.g., [5-8]). However, no one applied a reliability
analysis on a complex system as a dike with a retaining
wall is. The conclusions of the current research can
contribute to design and optimization concepts and
hopefully to a better understanding of the system
behaviour.

The rest of this paper is organised as follows. Firstly,
a brief description of the reliability analysis rationale and
the reliability methods to be used in this paper is given.
Secondly, the coupling procedure between the reliability
methods and FEM is elaborated and explained. Thirdly,
the case study whose reliability is to be evaluated, is
presented and illustrated. Finally, the reliability analysis
results are discussed and the estimated influencing soil
properties are concluded for the specific case study. They
are  followed by concluding remarks and
recommendations.

2 Uncertainty assessment and reliability
methods

A first step of an uncertainty study can be described
as “the definition of the problem”. Initially, the variables
of interest (or else the output variables) of which the
uncertainty is to be quantified, shall be specified. In
sequence, given several input variables for which the user
may have data and/or expert/engineering judgment, a
model denoted usually by a mathematical function should
be introduced that enables the computation of the set
variable of interest (system response).

After the general context has been staged, we should
choose the criteria with which the uncertainty can be
evaluated. The most complete measure of uncertainty,
when dealing with a random vector, is the probability

distribution. Therefore the statistical properties of the
input variables shall be determined.

Eventually, the uncertainties of the input variables
shall be translated in terms of uncertainty on the variables
of interest. This procedure is called uncertainty
propagation and can be carried out via several reliability
methods (approximation methods or sampling methods).
In the engineering world, this is also called reliability
analysis. In particular, reliability describes the ability of a
system or component to function under stated conditions
for a specified time period.

In the consideration of the reliability of an element,
the determination of the probability of failure is the
central issue. The limit between failure and non-failure is
defined as a limit state and the reliability is the
probability that this limit state is not exceeded. The limit
states are interpreted through the so-called /limit state
Sfunctions (LSF) whose general form is Z = R-S, where R
is the resistance term and S is the load term.

In this research, the First Order Reliability method
(FORM) and the Directional Sampling method (DS) are
going to be implemented. The latter is considered to be a
fully probabilistic method whereas the former a fully
probabilistic  method with approximations. The
probabilistic tool that is utilized in this research and from
which the aforementioned methods are available is
OpenTURNS (OT), which is a scientific library with a
python module dedicated to treatment of uncertainties.

Last but not least, a better understanding of
uncertainties’ influence can be achieved by analysing the
contribution of the different uncertainty sources to the
uncertainty of the variables of interest via a sensitivity
analysis. In both FORM and DS methods, the importance
factors (or else the a-values) are estimated as a
quantitative measure of a local sensitivity analysis which
indicate the most influencing random variables for the
system’s response.

2.1 First Order Reliability method (FORM)

As far as the FORM is concerned, the concept is
based on the approximation of the LSF with a linear
polynomial after the random variables being transformed
into the normalized space [9]. The first step of this
method is the transformation of the random variables to
equivalent standard normally distributed variables and the
whole procedure is carried out in wu-space (or else
standard space). For a set of random variables
X = (x4, x5....x,) that are normally distributed this step
is as follows:

wy=—, i=12,..n (1)

where u; is the transformed x; in the normalized space,
Hy, is the mean value of the random variable and gy, is its

standard deviation.

In the sequence, the limit state function, Z, is
expressed in terms of U = {1y, g, w1y} so as & = g(U).
The second step is the approximation of the function with
the first two terms of the Taylor-polynomial. The
approximation reads:
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where Uy is the point where the linearization takes place.
This approximation of Z is linear and according to the
central limit theorem it is normally distributed. The
expected value of the LSF can be approximated by the
expected value of the linearized function. The reliability
index, f, is defined equal to the minimum distance from
the origin to the design point [9]:

# = mipdliv G)

Looking for the design point is basically an
optimization problem. The obtained f-value is used to
determine a new point, in which the LSF is linearized. In
this case the importance factors, a;, are calculated as:

Lo rgag
Bxp U 2
ﬂ-l:: l "L = EF:iﬂ[ =1 (4)
n_ [ 88 ey
_,JE..T=1[__ &':j'u -EUJ-J
where U® is the design point and j=1....n is the

number of variables. @; expresses the contribution of the
variance of each variable to the total variance of Z, in the
design point. In Fig. 2, an illustration of the method is
depicted.

U:

*4 linearized LSF

—r—\\¥ ~
LY
limit state function

g(u:, u:)=0

u* = design point

wh f-—----—

Figure 2 Two-dimensional illustration of u-space, LSF and
design point

The probability that Z<0 (i.e. probability of failure,
Pj) can be determined using the standard normal
cumulative density function:

Pt rorm = PZ<0)=¢2 (—i—j:] =2(-p) (5

2.2 Directional Sampling method (DS)

Regarding DS, it is a method in which “directions”
are sampled. For each sampled direction, it is evaluated
whereas along the line of a certain direction, the LSF (Z)
equals to zero or not. This procedure is repeated for a

number of directions and this method is applied in the
standard normal space (u-space). The maximum length of
the direction line as well as the step size along the
direction can be steered in order to increase the efficiency
of the method and presumably decrease the
computational time. The probability of failure can be
calculated as follows:

1 N
%m=§Zm ©)

where N is the number of sampled directions and g; is the
probability that Z < 0 along the i" direction, estimated
according to the chi-squared distribution [17].

A method was developed in order to estimate the a’-
values of the random variables out of a DS analysis as
OT does not have an available method so far. After the
probabilistic analysis with OT, the output samples are
only available in the x-space. For that purpose, a
transformation of the output samples to wu-space was
firstly carried out. Then, the distance to the origin of all
samples (in u-space) that are located on a direction where
failure (Z=0) was detected, is calculated as follows:

[ n

lu;l = |zu?,, i=1.. (7

Lj
I
where 7 is the number of random variables and u;; is the
i" “failure” sample of the ;” random variable. lu;| is
equivalent with the reliability index of this direction, S
The a-values for each random variable can then be
calculated as:

Hj'

o = _.E ()

After that, three different methods were studied [14]
in order to evaluate the influence of the random variables
on the response of the LSF, i.e. the o’-values (square of
Eq. 8):

e Shortest distance, “Bin

2

e Average 10%
e Average all

In the Shortest distance method, the sample with the
smallest distance to the origin is considered to be the
design point and thus the corresponding influence factors
are estimated according to that point. The smallest
distance is also equivalent to the reliability indeX, S,
This method is well-known for estimating the design
point out of MC techniques [10]. However, for a soil
failure modelled in FEM, this might not be always
indicative of the real influence that the soil properties can
have on the system failure. Therefore, the last two
techniques were used as additional in order to get a better
insight into the dominant soil properties.

The second method, Average 10%, takes into account
the o’-values of the samples in the failure domain whose
distance to the origin lies within the 10% higher than f,,,;,
and averages them. Therefore, it is firstly required the
calculation of S, as it was described for the Shortest
distance method. Such a technique helps to identify the
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other directions that are close to the one which gives the
shortest distance to the origin and thus inspect if the
important variables that were indicated according to the
first method are influential for other failure mechanisms
as well.

Last but not least, the third method, Average all,
averages the o’-values of all the samples located in the
failure domain. This shows the overall contribution of the
random variables to the response of the LSF under
investigation where multiple failure mechanisms are
involved.

In Fig. 3, the aforementioned methodology is
summarized.

DS methodology for calculating a?-
values

T
Run analysis and get the output
samples in x-space

Transform output samples to
normalized space (u-space}

I
Calculate distance to the origin of
all samples (in u-space) in the
failure domain

o 1 1

Average a?-values of the distances Average a?-values of all the sample
3| thatare 10% closest to the shortest directions in the failure domain,
one, “Average 10%" “Average all”

Shortest distance, “Bp,"

\ s el

Figure 3 DS methodology for calculating a2-values

3 Coupling Reliability methods with FEM

The finite element simulation will be carried out in
Plaxis 2015. Plaxis is a finite element software for plane
strain and axi-symmetric modelling of soil and rock
behaviour. Moreover, it supports a fully automatic mesh
generation, allowing for a virtually infinite number of 6-
node and 15-node elements.

The coupling of reliability analysis 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 values 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 has been
set by OT for the variables that are treated as stochastic
during an iterative process according to the reliability
assessment. In Fig. 4, an illustration of the coupling
methodology and its function is shown.

In principle, an input file is firstly required where the
user set the preferable reliability method to be used, the
stochastic input parameters and their probability
distributions, the joint probability distribution and the
corresponding correlation matrix and finally the limit
state function is formed depending on the situation.
However, such input files should be interpreted so as to
be readable by both Plaxis and OT. Therefore, an input
interpreter was created which is actually a python script
that helps OT to start up the reliability analysis according

to the assigned method, variables, distributions and LSF.
As it was mentioned before, the evaluation of the limit
state function is conducted by Plaxis. For that purpose,
the input interpreter should be also able to send the next
set of input parameters to Plaxis. However, an additional
means of connecting the inferpreter with Plaxis is also
needed. This can be achieved via a Plaxis interface which
actually calls Plaxis to make the calculations while it also
transfers the required value of the limit state function to
input interpreter and this in turn to OT.

INPUT | - Random variables
- Limit state function (LSF)

:c'-’ python Input :
interface | interpreter i
L M |
@ python : :
| OpenTURNS lib. |

Figure 4 Coupling OpenTURNS-Plaxis

4 Case Study and random variables

In Fig. 5, the case study as it has been modelled in Plaxis
2D is depicted. The sheet pile has been modelled as an
elastic plate element whereas the anchor as an elastic
fixed-end-anchor element. For all the steel members, a
Young’s modulus of E=210 GPa was used. As far as the
soil structure is concerned, i.e. the dike section, it consists
of two soil materials which are mainly sandy clay
whereas the foundation layers can be identified as a top
clay layer and a bottom sand layer. The constitutive
model that was chosen in this research was Mohr-
Coulomb. This model can successfully identify the
potential failure modes and simulate the soil behaviour
until failure. However, for the analysis of soft soils
deformations and settlements around a wall, more
advanced constitutive models are recommended (i.e.
Hardening Soil model, Soft Soil model etc). In that
research, a more advanced constitutive model, such the
Hardening Soil model, was not used due to its complexity
and the results’ randomness in Plaxis calculations.

T
e

I -
Dikenew matéifal  Dikeold material o

)t

Sand (very silty)

Figure 5 Case study: Plaxis mesh and soil layers

The properties of the soil layers are shown in Table 1.
More precisely, in Table 1, the corresponding probability
distribution (TN=Truncated Normal, LN=Lognormal,
N=Normal) together with the mean values (1* number in
the brackets) for the soil properties of each layer are
given and the coefficient of variation (2™ number in the
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Clay Sand Dikeold Dikenew
o[°] TN(21, 10%) TN(36, 10%) TN(33.5, 10%) TN(34.7, 10%)
¢ [kPa] LN(14, 20% LN(0, 20% LN(3.67, 20% LN(5.64, 20%
G [kPa] LN(1190.2, 25%) LN(12300, 25%) LN(1740.67, 25%) LN(967, 25%)
Ringer [-] TN(0.5, 20%) TN(0.66, 20%) TN(0.5, 20%) TN(0.5, 20%)

Yunsat [kN/m3] N(185, 5%)
v[-] LN(0.35, 10%)

N(21, 5%)
LN(0.30, 10%)

N(20.7, 5%)
LN(0.35, 10%)

N(18.5, 5%)
LN(0.35, 10%)

Table 1 Statistical characteristics of the soil parameters

brackets) that were considered. In particular, the soil
properties that were considered in this paper is the
friction angle (¢), the cohesion (c¢), the shear stiffness
(G), the interface strength between the soil and the
structure (R;,..), the soil unsaturated unit weight (¥,5a,)
and the Poisson ratio (v). The statistics were chosen
arbitrarily but in a realistic range according to the Dutch
code for geotechnical structures. The distribution types
and the coefficients of variation for each parameter were
chosen according to the knowledge that has been
obtained until now about the physically possible ranges
of such parameters and the recommendations that have
been given in several researches [5, 8, 11, 12, 13].
Particularly for the saturated and unsaturated volumetric
weight, v, (saturated unit weight) and y,,,, respectively,
a relationship was established in order to derive the one
from the other. In general, y,,,, varies between the real
dry weight and y,,, depending each time on the degree of
saturation. An estimated maximum difference between
Vansar A0 Y5 i approximately 4 kN/m®. In this research,
vsar Was expressed as the summation of y,,, and a
variable with uniform distribution in the range of [0, 2].

It should be mentioned that the soil properties were
considered to be independent from each other. However,
a further investigation is recommended with correlated
soil variables, so as the correlation effect on the reliability
of the system to be evaluated.

5 Failure mechanisms and limit state
functions

For a reinforced dike with retaining walls, there are

basically three classes of structural elements:
*Retaining wall (i.e. sheet piles);
* Anchors;
*Soil structure (i.e. dike section).

For the reliability analysis of each of the elements, the
probability of failure was determined. In the design
process, one is most interested in the Ultimate Limit State
(ULS) of a failure mechanism. This state 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.

The most relevant failure mode for the sheet pile wall
and the anchor is the exceedance of the yield strength
which corresponds to the ultimate steel strength. As far as
the sheet pile wall is concerned, the response of the
structure is mainly due to bending moment and the axial

forces (where an axial force is present, allowance should
be made for its effect on the moment resistance).
Therefore, the LSF can be formed as the difference
between the maximum developed stress and the yield
stress, o, [kPa] (see Eq. 10).

As far as the soil failure is concerned, in this research,
emphasis is given on the dike global instability which
actually consists of several failure modes, the
combination of which can lead to the overall instability of
the dike and thus to soil body failure. The main failure
mechanisms are:

e Overflow/overtopping

e Inner/outer slope macro instability
e  Horizontal sliding

e Micro instability

e Piping

However, Plaxis is not capable of accounting for all
of them. More precisely, Plaxis assumes the soil to be a
continuous body and thus it can model movements at the
scale of soil bodies, but not on a soil particle level.
Moreover, Plaxis cannot deal with the flow and waves
occurring in “open water”, i.e. water outside the soil in a
canal, a lake or sea for instance. Therefore, piping, micro
instability and overflow/overtopping have not been
considered.

For the rest of the failure modes, soil failure is defined
as shear failure and can take several patterns depending
on the location and the source of the trigger mechanism
[14]. In this paper, the total probability of failure of the
soil body due to global instability is to be determined.
This is due to the fact that the application of FEM is
capable of simulating the combination of these failure
patterns and thus the overall failure can be evaluated.

The LSF for the soil failure can be formulated in
different ways [5]. After considering the possibilities and
limitations of each formulation [14], the Plaxis definition
of soil collapse was used in order to assess the failure. In
that case, if soil failure is detected from Plaxis, an error
message of “Soil collapses” appears. This happens when
the total specified load has not been applied. In physical
terms this means that the current value of the stiffness
parameter (CSP) is less than 0.015 [15]. CSP is a measure
for the amount of plasticity that occurs during the
calculation. When the solution is fully elastic, CSP is
equal to unity whereas at failure it approaches zero.
Therefore, soil reaches its upper limit of plasticity and it
collapses which can be visualized as a settlement of the
dike body. Such a warning in the analysis is thus assumed
to be a possible failure situation. The LSF can be then
written as follows:
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7= {—1, if computation is unsuccessful
=11
Considering the above, the system failure, in this
research, is considered as a serial system of the anchor,
sheet pile wall and soil body failures. In a serial system,
failure is considered when one of the components fails.
Thus, the general LSF was formulated as the minimum of

the three LSFs for the soil, the sheet pile and the anchor
and it is given below:

(€))

if computation is success ful

check if zoil fails [1or—1],

[(Mcz] E, f,z])]
— max W, - , (10)

Oy.a -'14:

As it can be recognised in Eq. 10, the top part is
identical to Eq. 9 for the soil failure whereas the last two
are for the sheet pile and the anchor respectively. In the
middle one, for the sheet pile, M(z) and F,(z) is the
bending moment and the ax1al force over the sheet pile
depth, respectively. W, [m’] is the elastic section
modulus and 4, [m?] is the cross sectional area of the
sheet pile wall. In case of the anchor N, [kN] is the
calculated anchor force and A, [m*] is the cross sectional
area of the anchor. Finally, oy o, and oy, is the yield
stress of the sheet pile and the anchor respectively. In this
paper, the results of a FORM analysis as they were
deduced in case of the anchor failure as a separate
mechanism are presented as well as the results of a DS
analysis for the system as a whole.

It should be mentioned at this point, that the
probability of failure of the system, computed in this
paper, differs from the overall probability of flooding
which takes into account any potential failure mechanism
of the system combined with the uncertainties of the
water elevation. More precisely, as far as the dike safety
is concerned, a probability of failure, P{Z; < 0lh)
(where £ is the LSF), under a certain water level, h;, is
estimated which in sequence is multiplied with the
occurrence probability of the corresponding water level,
FUr:) (ie. it is the PDF of k), in order to estimate the
overall probability of failure. Then, that product is
accumulated over a required range of water levels that
can jeopardise the overall stability of the structure, in
order to calculate the overall probability of failure, P, or
else the probability of flooding. This probability is then
compared to the one established from the safety standards
s0 as to reassure the safety or not of the structure. F; can

be estimated as follows [18]:

£ = min

Feo= [ pi<oln chmmz?{z < Ol ()
(11)

Ri=1

In this research, the probability P{Z; < 0lh;) is to be
estimated where h; is a specific water level and
especially the design water level, as it is considered to be
the most challenging part of the procedure described
above. After setting up the steps and implementing them

successfully for the estimation of (Z; =< Olh;) | the
calculation of the overall probability of failure is just a
repetition of the same procedure for more water levels. It
should be mentioned that in this paper, failure consists
only of the macro-instability failure mode whereas the
rest are excluded for the time being.

6 Reliability analysis results

Before starting analysing the reliability of the system,
it is important to choose what will be the stochastic
variables for the different LSFs. Due to the high amount
of soil properties, a preliminary global sensitivity analysis
was applied in order to filter out and if possible, to reduce
the random variables so as the reliability analysis to be
more efficient and computationally accessible [14]. The
parameters that were eventually considered as stochastic
in each LSF are summarized in Table 2 and they were
chosen according to both the sensitivity analysis and the
engineering judgment. The statistical properties of the
variables are shown in Table 1.

Clay Sand Dikeold Dikenew
Yunsat S, SP S SP S
c S, A, SP S, A, SP S
® S, A, SP S, A, SP S, A, SP S
G S, A, SP S, A, SP A, SP
v A A A, SP
Ripter A, SP A A, SP

Table 2 Random variables in the reliability analysis of each
LSF (S=soil failure, SP=sheet pile failure, A=anchor failure)

For all the three classes of structural elements and the
system as a whole, an evaluation of their LSF was carried
out by Rippi [14]. From this assessment, the probability
of failure as well as the importance factors was deduced.
Such an analysis contributed to acquiring a better
understanding on the soil-structure interaction as well as
the behaviour of the structural elements and the soil body
separately. In the next subsections the results from the
anchor failure and the soil failure are presented as a
demonstration of FORM and DS performance
respectively while in the end the results of the system
reliability analysis are discussed. The probabilistic
analysis of the sheet pile wall is presented in detail
elsewhere [14].

6.1 Anchor failure

For the anchor failure, the LSF was formulated as
follows:

ZI=g,— (12)

where Mg [kN] is the anchor force, o = 450 kPa is the

yield stress and A; = 933 mm? the cross section area.
These structural properties were initially defined by a
deterministic analysis [14]. The reliability method to be
utilized in this analysis is FORM and the random
variables to be used, are listed in Table 2 with 4 index. In
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Table 3, the results of the reliability analysis with FORM
are listed. Additionally, the design point together with the
importance factors of each variable is presented. It should
be mentioned at that point that the sensitivity analysis
helped to define a starting point closer to the design point
and thus reduce the computational time required for the
analysis. More precisely, the analysis lasted
approximately 1.6 hours whereas by starting from mean
values, from which by default FORM starts the iterations,
it would take almost a day.

FORM P, 2.84*10°°
s 4.5
Number of LSF calls 119
Maximum number of 100
terations

Elapsed time (hr) 1.6

Table 3 Reliability results for the anchor failure

The influence coefficients in Fig. 6 indicate that this
limit state is governed by the shear stiffness of the clay
layer, G. Furthermore, the shear stiffness of the Dikeold
material seems to contribute significantly to the anchor
yield stress exceedance. It can be concluded that the
problem is still in the elastic domain as far as the soil
behaviour is concerned. In case of predominately plastic
behaviour, the strength properties of the soil (¢ and c)
become more important. In Fig. 7, a demonstration of the
design point as it was acquired by the FORM analysis is
presented. The figures indicate that presumably due to the
clay layer withdrawal in the passive side as it is depicted
in Fig. 7 with the red shadings, sheet pile moves to the
right and subsequently anchor is tensioned enough to
reach its yield stress.

W Clay_ph
BCisy
Biyc
BCiy 6
W Clay_Rinter
sand Rinter

mSand_nu

mSand_phi
sand 6

W Diczold_ph

0 01 02 03 04 0s 06 07 08 0s 1

Figure 6 Estimated importance factors a® for anchor failure
with FORM

taxi =0, 18! (Element 308 at Node 5496)

Figure 7 Total displacements due to the anchor failure (in red

shadings the maximum total displacements are indicated).

Potential developed failure mechanism due to the anchor
weakening

The calculations were repeated with the 6 most
influencing parameters both with FORM and DS in order
to investigate the effect of reducing the number of

random variables and in order to validate the results of
FORM analysis. In Table 4, the reliability results of
respectively FORM and DS are presented while in Table
5 the importance factors of both methods are juxtaposed
(the darker the cell is, the higher the importance factor
is).

FORM DS
P, 8.5%10° 1.5%10”
g 4.3 42
Number of
LSF calls 28 776
Maximum
number of 100 100
iterations
Elapsed time 0.34 (start close 115
(hr) to design point) )

Table 4 Reliability results of FORM and DS with the most
important parameters for the anchor failure

FORM DS

Velay 0.014 0.059
Cclay 0.001 0.045
Gclav

Psand 0.012 0.042
Guikeola 0.109 0.134
Rinteryiyeoid 0.004 0.069

Table 5 Estimated importance factors: FORM comparison with
DS

As it can be noticed, comparing FORM results from
Table 3 and 4, the reliability index changes from p=4.5
with 14 parameters to f=4.3 with the 6 most influencing
parameters. This verifies the importance of the most
influencing parameters that it was found in the analysis
shown in Table 3. The small discrepancy though between
the two reliability indexes might be attributed to the
interaction effect of the soil variables on the output
performance.

The estimation of failure probability with DS is
almost the same with FORM which means that FORM
estimations are reliable. As far as the importance factors
are concerned, DS also came up with the conclusion that
the shear stiffness of the clay and the Dikeold material
are the most crucial soil properties for the anchor stress
level. However, according to DS the stiffness of clay, v
and the interface strength, R, between the Dikeold
material and the sheet pile wall seem to also contribute to
the limit state of the anchor.

The reason why the strength of the clay layer under
the dike and the Dikeold material (the part of the dike
that comes in contact with the anchor and the sheet pile
wall) are the most important variables, can be explained
by the principle of soil arching. According to this
principle, the soil columns on both sides of the rigid sheet
pile wall are more compressive than the soil columns on
the top of the wall (i.e. overlying dike body) because of
the higher stiffness of the wall when compared with soils.
As such, soil columns on both sides tend to settle more
than the soils on top of the rigid wall and this differential
settlement causes a downward shear force acting along
the sides of soil columns on top of the wall. As such, the
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vertical load on the wall becomes larger than the sole
weight of soil columns on its top and the anchor that
actually receives the most of this vertical load reaches
eventually its yielding stress.

6.2 Soil failure

The LSF for the evaluation of the soil failure is given
in Eq. 9 and the reliability method that was chosen in that
case is DS due to the formulation of the limit state
function and the convergence issues of FORM. More
precisely, FORM needs an answer from the limit state
function in order to proceed with the next iteration. Since
the soil failure limit state function only returns -1/1
(failure/non-failure), FORM analysis cannot converge
and thus DS method has been preferred.

The results of the reliability analysis according to DS
are presented below. In particular, 300 iterations were
carried out and 12 input stochastic soil parameters were
used, indicated in Table 2 with the S index. Specifically,
in Table 6, the probability of failure, the reliability index,
the number of iterations and the duration of the analysis
are shown.

DS P, 1.3*10°
B 55
Number of LSF calls 1840
Number of iterations (or

Y 300
directions)
Elapsed time (hr) 34

Table 6 Reliability analysis’ results of DS for the soil failure

In Table 7, the importance factors for the several soil
properties are presented as they were estimated from the
different methods presented in section 2.2. As someone
could observe, the results of each method shows the same
tendency concerning the most influencing variables, with
some discrepancies though. These deviations of the o’-
values were investigated [14] and it was found that Plaxis
failed calculations can be attributed to mainly numerical
errors different from the “Soil Collapses”. These errors
shall be considered as unrealistic failure mechanisms and
the corresponding samples should be excluded from the
analysis. In Fig. 8, an illustration of a potential failure
mechanism according to the deduced design point is
shown.

shadings the maximum total displacements are indicated).
Potential developed failure mechanism due to the soil collapse

From a general perspective, the soil properties of the
clay layer seems to be determinant, whereas also sand
and Dikeold material play an important role to the soil
failure. More precisely, according to the Average all
method, the unit weight and the friction angle of the clay
layer turned out to be the most influencing while also the
cohesion of the Dikeold material and friction angle of the
sand layer contribute to the failure domain. From a
qualitative point of view, the weakening and
consequently the settlement of the Dikeold material
pushes the subsoil, creating an additional surcharge for
the underlying clay and sand layer which act like the
foundation soil; the incapability then of the clay layer to
withstand the overlying load due to the low unit weight in
combination with the low friction angle of the clay as
well as the low stiffness and strength of the sand layer,
can lead to the creation of an inner slip surface and thus
failure. Since the clay layer can be considered as a
foundation soil, the importance of the friction angle and
the unit weight can be also explained from the Terzaghi’s
bearing capacity theory [16], where these two factors are
crucial for the determination of the ultimate bearing
capacity of the soil. However, these can be better verified
by conducting large scale experiments in dikes and
inspecting the sensitivity of the dike’s stability towards
the soil properties.

6.3 System failure

The general LSF for the system’s reliability analysis
is given in Eq. 10. In Table 8, the reliability analysis
results are presented as they were deduced from DS.
Similarly to the soil failure, in Table 9, the importance
factors according to the Shortest Distance, the Average
10% and the Average all methods are illustrated.

Pin Average 10% Average all
Ddikenew 0.03236 0.03236 0.03958
Cdikenew 0.00002 0.00002 0.00631
Vdikenew 0.00431 0.00431 0.09052
Psand 0.20591 0.20591 0.11071
Gyand 0.07206 0.07206 0.05299
Vsand 0.02851 0.02851 0.02699
Gty 0.01356 0.01356 0.05572
Celay 0.01098 0.01098 0.10848
Oclay 0.01131 0.01131 0.17248
Vetay |043123° 043123 017271
Cikeold 0.12658 0.12658 0.09913
Odikeold 0.02755 0.02755 0.03114

Table 7 Estimated importance factors o for soil failure with the
different methods

DS P, 2.4%10°
I 3.0
Number of LSF calls 1807

Number of iterations (or
. 300

directions)

Elapsed time (hr) 39

Table 8 Reliability results of DS for the system failure

The analysis took almost one and a half days and it
came with indicative, valuable though, results about the
system behaviour. According to the averaged importance
factors in Table 9 (deduced by the Average all method),
we can notice features from both soil and structural
(anchor and sheet pile wall) failure. As far as the
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structural failure is concerned, the deduced importance
factors from the anchor reliability analysis are given in
Table 5. For the results of the sheet pile’s reliability
analysis, due to space limits, a reference is made to [14].

Louin Average 10% Average all
Gelay 0.014 0.148 0.183
Celay 0.040 0.037 0.021
PDclay 0.087 0.062 0.060
Rinter,, 0.052 0.035 0.070
YVelay 0.143 0.101 0.132
Dsand 0.029 0.025 0.075
Gyund 0.047 0.051 0.062
Cdikeold 0.000 0.039 0.081
Ddikeold 0.102 0.089 0.039
Gikeold 0.032 0.048 0.105
Rinter jieoi 0.281 0.040
Vdikeold 0.003 0.053 0.071

Table 9 Estimated importance factors o for the system failure
with the different methods

For example, the unit weight (14%), the friction angle
(7%) and the cohesion (8%) of the clay layer as well as
the friction angle (8%) and the stiffness (7%) of the sand
layer that played an essential role in the soil failure
analysis. Moreover, the stiffness of the clay (11%) and
the Dikeold (9%) layers that appeared to be important for
the anchor and sheet pile LSF. They seem to be also
essential in the system analysis.

However, the other two methods (Shortest Distance
and Average 10%) came up with the cohesion and the
interface strength of the Dikeold material to be the most
influencing soil properties for the system. For that reason,
an investigation was conducted regarding the output
results of the system analysis in order to obtain an insight
into the different reasons of the system failure. More
precisely, the failure points were divided into those that
come from Plaxis Error and those that come from the
yield stress exceedance of the structural elements. It was
then observed that many failure points originate from
Plaxis errors that are related to “Not enough load steps”
rather than “Soil seems to collapse”.

Therefore, in order to estimate the actual important
soil properties, the vectors of the random variables that
led to errors of “Soil seems to collapse” and to
anchor/sheet pile (SP) failure were studied separately.
The importance factors are depicted in Table 10 which
actually verifies the importance of the variables that were
also deduced from the Averaged all method in Table 9
(which are basically the unit weight and the stiffness of
the clay layer and the friction angle of the sand layer). It
should be mentioned that the failure of the structural
elements contributes 65% whereas the soil failure
contributes 35%, on the total probability of failure. The
latter would be possibly lower than 2.4*10° that was
found in Table 8, as several failure points are not
attributed to real failure but to Plaxis numerical errors.

It should be mentioned at that point, that in case of the
anchor safety analysis that was presented in section 6.1,
such numerical errors were handled by making use of
response surfaces. The main idea is that the response

consisting of a complex function of input variables is
approximated by a simple function of the input variables.
In case of the anchor, this function was determined
according to a sensitivity analysis. However, no further
elaboration on that topic is made, as it is out of the scope
of this paper. For more information, a reference is made
to [14].

Anchor/SP Soil collapse
Gy 0.063

Celay 0.005 0.021
Pclay 0.094 0.098
Rinter,, 0.025 0.054
Yelay 0114 0188
Psand 0.049 0.147
Giana 0.012 0.075
Cikeold 0.001 0.030
Ddikeold 0.028 0.039
Gikeold 0.062 0.111
Rinter jixooa 0.001 0.073
Vdikeold 0.028 0.041

Table 10 Estimated importance factors a2 for soil and the
structural elements failure after the system analysis

The system analysis can lead to valuable conclusions
for the system behaviour as a whole and individually for
the different elements, given though that an inspection of
the results is followed. Moreover, such an analysis is
taking into account correlations among the three sub-
failure mechanisms implicitly. For example, the different
LSFs may be affected by the same soil variable, such as
the shear stiffness of the clay layer for the anchor and the
sheet pile LSF. In that case, the most dominant failure
mechanism will occur first and the rest are excluded.

7 Conclusions and recommendations

This paper presented a reliability analysis of a dike
with an anchored sheet pile wall by making use of a soil-
structure model in FEM. The output of the FEM
calculations was utilized as an input in the probabilistic
model. Different failure modes were analysed and the
correspondent probability of failure and the influence
factors were concluded.

As far as the reliability of the structural elements is
concerned, their limit state was evaluated in terms of the
exceedance of their yielding stress. The reliability
assessment was carried out with FORM from which the
probability of failure and the influence factors were
concluded. More precisely, the anchor failure mode
seemed to be more determinant than the soil failure, with
the shear stiffness of the soft soil layers to be the most
important soil properties. As it was proved by Rippi [14],
the sheet pile failure is quite rare and it is unlikely to
occur before the soil failure since the soil body has
already entered its plastic domain. Therefore, anchor
failure seems to be predominant.

The soil and the system failure were challenging to
assess as there are multiple criteria that someone can
choose. Regarding the soil failure, the Plaxis definition of
soil collapse was used and it was evaluated with DS. In
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that case, the unit weight and the strength parameters of
the soft soil layers seemed to be influencing. The detected
failures were investigated in terms of their validity. That
procedure revealed the possibilities and limitations of
FEM modelling. The advantage is that a potential failure
can be detected and its visualization is possible.

The failure of the system was considered as a serial
system of the different LSFs and it was also assessed with
DS. The analysis for system reliability showed that the
importance factors stemmed from the reliability analysis
indicated soil features that were important in all the
elements. It should be stressed though that the failure
probability of the system should be also coupled with the
uncertainty of the water level and additional failure
mechanisms (piping, internal erosion, etc.) should be
investigated in order to obtain an overall picture of the
total probability of failure. Further investigation is
recommended for obtaining a more precise probability of
failure after eliminating numerical errors in FEM
calculations.

Nevertheless, this research proves the challenges and
the potentials in a probabilistic reliability analysis. Such
an analysis provides results 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) wvariable to the total wuncertainty. This
information is useful to designers because they can infer
from it if their focus should be on improving the
structural design or reduce uncertainties in subsoil
conditions. The influence coefficients can also give clear
indications of which subsoil strata are dominant in the
failure mechanisms at hand. Moreover, 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.
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