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The study presents a development of a nonlinear finite element calculation technique for the prediction of the stability of the
multistaged deep excavation in submerged multilayered soft soil retained by steel sheet pile walls structures performed from
Cast3M FE code. Optimization numerical backcalculation results are given for the design and construction of retaining walls with
adjustment parameters, horizontal displacements, and earth and hydraulic pressure measurements. The difficulties of modeling 2D
sheet pile walls in 2D with irregular shapes were overcome by transforming the geometry and stiffness of these sheet steel sheet pile
walls into retaining walls of equivalent bending stiffness on the one hand and regular geometric shapes on the other hand. The
results of this approach are satisfactory in view of the horizontal displacement curves obtained on the steel sheet pile walls
compared by the measures.

1. Introduction

For decades, even after the development of robust numerical
methods, stability analyses of retained walls are still carried
out using traditional limit equilibrium approaches. The finite
element technique represents a good approach for retained
wall analysis which is accurate, versatile, and requires fewer a
priori assumptions, especially, regarding the failure mecha-
nism. Elastoplastic analysis of geotechnical problems using
the finite element technique has been widely accepted in the
research arena for many years; however, its routine use in
geotechnical works for retaining stability analysis still remains
limited. With finite element practice, we do not need to know
the shape of the failure surface for stability calculations for
example. Some engineers working in specialized design offices
are often worried about the need to resort to such complexity,
taking into account the poor quality of the data from soil
properties often available from conventional field studies
[1–3]. Although their concerns are often justified, there are
certain types of geotechnical problems for which the numerical

approach seems unavoidable. In this practice, the experienced
engineer is challenged to know which type of problem requires
the use of a numerical method and which is not. Structures
with a predominance of nonlinear behavior such as the deter-
mination of settlements in soft soils and strains, the calculation
of flow quantities due to stationary infiltration or the study of
transient effects due to consolidation are all very likely to be
solved by numerical methods. For regular geometry problems,
the old traditional techniques using diagrams, tables, or graph-
ical methods are adequate for regular geometry problems, but
the numerical method approach seems necessary when irreg-
ular geometries or spatial variations of materials are encoun-
tered that cannot be handled by the old graphical solutions.

In common geotechnical practice, the use of a nonlinear
method is justified by the fact that these calculations make it
possible to see the area of failure of structures, despite a
significant increase in complexity that may require the help
of an expert in modeling [4]. Nonlinear treatments are
always iterative because the problem data itself is a function
of the “solution.” However, concerns about these nonlinear
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analyses that require excessive energy and time consumption
have been largely outweighed by the performance of the
computers and their reduced costs. The submerged soft
soil retained by steel sheet pile walls is an area of geotechnical
investigation structures using a nonlinear FE technique to
have enormous advantages in contrast to traditional meth-
ods. As this study will show, retained wall analysis under
multistaged deep excavation on soft soils by elastoplastic
finite elements is fair, powerful, and relatively simple for appli-
cation by professional engineers based on their experience.

The objective of this work is the development of an elas-
toplastic calculation method for the prediction of the stability
of the multistaged deep excavation in submerged multilay-
ered soft soil retained by steel sheet pile walls structures by
finite element technique thanks to methodological and
sophisticated computing from Cast3M FE code. Optimiza-
tion numerical backcalculation results are proposed for
retained steel sheet pile walls calculation and layout work
based on the horizontal displacements measurements. The
paper describes several standards in geotechnical practice of
finite element retained wall analysis with comparison against
field test measurements. In this context, this article improves
the numerical modeling of layout work stages and hydrome-
chanical coupling. The innovation of the study is focused on
the following aspects: (1) the adoption of the simple geomet-
ric shape of the steel sheet pile walls whose bending stiffness
is equivalent to the real geometric shape which does not
allow 2D numerical modeling to be carried out without sim-
plifying the geometry; (2) the use of the Cast3M FE code
making it possible to compute the process of evolution of
the calculations from the choice of finite element type of the
model until the output phase; (3) the description of the soft
soils on an advanced elastoplastic behavioral law of the
Drucker–Prager type making it possible to realistically take
into account the effects of nonlinearities in the materials; (4)
modeling the excavation in staged construction as carried
out on the site with taking into account the initial stresses
and automatic recording of the results of the phase in the
table; and (5) the verification of stresses, strains, and displa-
cements at any point of the model according to functional
requirements of such geotechnical work. Graphical outputs
are included to illustrate displacements, strains, pressures,
and failure mechanisms.

2. Literature Review of Finite Elements Analysis
for Retaining Walls Stability

The considerable development of various cities around the
world requires new techniques for occupying usable space to
build infrastructure. Underground work is taking off consid-
erably in order to provide users with frequent and regular
means of transport. This work is not without danger, it can
cause significant settlement and cracks on structures that are
nearby [5–12]. The backfill behaviors on soft soils depend on
the geotechnical parameters of the materials, the saturated or
unsaturated state, the flow of the water table, the geometry,
the environmental conditions, and the different stages of
construction. The environmental stresses of structures and

the soil around a retaining structure change over time, espe-
cially with fluctuations in the water table, and soil resistance
decreases. Improper design of the excavation support struc-
ture can lead to serious engineering accidents and cause
significant economic losses [13–15]. Therefore, it is necessary
to take measures to considerably reduce the ground move-
ments resulting from excavation and to control the parame-
ters that guarantee proper operation under conditions of
unquestionable safety, taking into account the interaction
between the different parts of the geotechnical structure
[4, 16]. The lateral displacement of the multilayer soft soil
retained by steel sheet pile walls is highly dependent on the
changing behavior of the materials depending on the vari-
ability of water retention, the geometry of the structure, and
spatiotemporal considerations. Many theories have been
proposed in literature to limit deformation and deflection
on excavation supports by adjusting the design data to take
into account the stepwise excavation [4, 16, 17]. A design
method that allows oblique bending to be taken into account
has been tested by Kort [18]. Based on the evaluation of the
results of the large-scale field tests, his conclusion shows that
the structure’s response was consistent with the same expec-
tations that were retained in the design basis for such works.
The analysis of the interactions between the retaining walls
structure, the grounds and the neighboring structures requires
to improve the techniques of numerical simulation, notably
the finite element method applied to retaining structures [19].
In this arena, Lim et al. [20] developed a spaceless earth exca-
vation support in soft clay, called a rigid fixed membrane wall
retaining system. It is composed of many structures: dia-
phragm walls, ribbed walls, transverse walls, and buttresses,
as well as a complementary structure, the cap slab. The perfor-
mance and mechanisms of this system have been studied by
3D finite element analyses by its promoter [20]. The results
show that as the rigidity of the rigid fixed membrane system
increases, the deformations induced by excavation decrease.

The angle effect was found in numerical analysis and the
horizontal strains of the support structure were affected by
the length of the excavation in a parametric study conducted
on the stability of several excavation cases [6]. Considera-
tions of several sets of parameters have shown that control
indicators such as lateral deflections of the ground at the
position of the bottom layer, vertical displacement of the
soil surface, and vertical bearing load have clear spatial dis-
tribution characteristics. Several excavations with irregular
geometries and spatial variability of materials have been
studied and carried out in recent years, with major environ-
mental stresses [16]. The prestressed earth retention (IPS)
technique was proposed to be used in case the construction
space is narrow. Several excavations have been carried out
using this technique for its unique strengths, which gives it
the ability to provide a larger workspace in tensioning the
cables in order to limit the deformations of the wall with
unquestionable safety guarantees [16]. The spatiotemporal
consideration, allowing control of the strains caused by the
shear resistance of the soil, which allows for minimal defor-
mation of the retaining wall, measurements of layered soils,
and plugged excavation were taken for reference [16]. The
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analysis of the stability of the slopes and retained walls
through the EF method has made it possible to obtain satis-
factory results, making it essential in cases of irregular geom-
etries. The finite element technique has also been used in a
practical case of stability in the open-pit mining drifts of
Yallourn, Victoria, Australia, allowing to validate of stability
indicators in such workings. In order to really exploit the
results of the measurements, the random fields were condi-
tionally simulated using the finite element technique as part
of a reliability analysis study of excavations in unsaturated
soils with variable parameters from one zone to another [21].
The uncertainties resulting from the soil–structure interac-
tion were taken into account by this method, by setting up a
treatment of sufficiently smooth and sufficiently rough inte-
rior faces reducing to maximum and minimum values that
can justify the entire range of possible solutions [21]. A
probabilistic approach to the analysis of the digging method
was carried out by the authors with and without consider-
ation of suction in order to evaluate the influence of the
unsaturated state on the braced support system. Gholam-
pour and Johari [21] demonstrated in their results that the
application of the unsaturated nature not only leads to
changes in the statistical data of the structure’s performance
indicators but also to changes in the performance indicators
of the structure, the position of the significant values. The use
of FEM with reduction of resistance parameters including
the effects of unsaturated transient infiltration and other
primary numerical results concerning the stability of an
earthen dam subjected to rapid drainage was carried out by
Huang and Jia [22]. A stability analysis performed on the
Yashigou earth dam in China was conducted by Huy et al.
[23]. Ambassa et al. [17] conducted a finite element analysis
of a soft soil reinforced by an industrial nailing technique
using a soft soil behavior model. He determined the main
influential parameters. Yang et al. [24] developed a method
using a numerical model for the analysis of the stability
parameter by determining of 3D fracture surfaces involved
in a 3D analysis of slope safety. An enhanced strength reduc-
tion (ISRT) technique to avoid the appearance of uncon-
trolled area of large irreversible deformations in the
bottom of a slope has been highlighted in the 3D numerical
parameter variability technique, and an improved resistance
reduction based on 3DNNM has been developed. Wong [25]
has made a useful synthesis of the potential sources of error
in the treatment of an EF modeling problem of the stability
of slopes and retaining structures. Other important contribu-
tions in this area come from the work of Sloan [26] who
published the paper concerning the progress of stability anal-
ysis combining the limit theorems of classical plasticity with
finite elements to obtain rigorous maximum and minimum
bounds concerning the breaking load. Its new development
in finite element limit analysis incorporates pore water pres-
sures and proposes new methods for obtaining stability solu-
tions, including anchors, slopes, excavations, tunnels, and
foundations. Tschuchnigg et al. [27] carried out a compara-
tive study concerning the strength reduction technique and
rigorous limit analyses that are based on the high deforma-
tion failure theorems.

The safety parameters for the stability of the different
collapse forms taking into account the spatial variability of
ground geotechnical parameters of the actual site in the
unsaturated state were analyzed by Johari and Kalantari
[28]. They studied the stochastic framework using a random
elastoplastic finite element program coded in MATLAB. To
obtain the design parameters of the system by composing the
design parameters of the different collapse forms in the next
step, Johari and Kalantari [28] used the sequential com-
pounding technique. Regardless of the mode of failure, the
numerical results showed that taking into account the con-
dition of the ground-free soil increases the mean value of the
safety parameter and decreases the associated standard devi-
ation, which can be considered as an objective of the perfor-
mance study. Lateral displacement is the most predominant
component reliability index [28]. Johari and Peiro [29] made
a stochastic study of a landslide on the side of a very busy
road in an Asian country. Initially, they used aerial photo-
graphs, followed by measurements of the site and photographs
showing a recently collapsed landslide. This information was
supplemented in the field by geolocated soil samples used to
obtain the geotechnical parameters necessary to feed realistic
models of the behavior of these soils [29]. The stochastic back
analysis approach was adopted because of the variability of
these parameters across different sampling points. The opti-
mized soil shear strength parameters were then calculated
using the FEM program coded in MATLAB [29]. The results
showed amore computationally efficient back analysis approach.
The improvement of the consideration in an optimized way in
stochastic analysis was conducted in order to obtain shear
strength parameters allowing a better elucidation of the slope
failure mechanism and become a fundamental indicator for
more effective filtering of field remedial data [29]. Bozkurt
et al. [30] performed finite element calculations involving the
reconstituted materials to study the behavior of a deep excava-
tion supported by sheet pile walls and columns composed of a
mixture of two hydraulic binders. Huge displacements asso-
ciated with installation methods have been observed despite
the fact that the application of this lime–cement deep mixing
technique in deep excavations improves soil parameters in its
natural state [30]. In the study, the behavior of the structure
composed of soil stabilized by two hydraulic binders was
studied using the finite element technique by progressive
disbursement of the soil layers. The data and modeling
parameters were calibrated according to the results of actual
measurements carried out at the site [30]. The lessons learned
in these modeling show that taking into account the installa-
tion mode in the calculations makes it possible to predict in a
realistic and optimized way the strains on the sheet pile walls,
the evolution of the excess pore pressure, as well as the struc-
tural forces in the struts [30].

The developments which follow in this paper are inspired
by these important contributions on this topic.

3. Methodology

After this literature review related to the problem, the meth-
odology adopted in this study consists first of all in
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describing the site location of the geotechnical structures
design aspects.

3.1. Layout of the Test Site. The test site was situated near
Pernis, which is a suburb west of Rotterdam (Netherlands).
In the Pernisserpark, a small area of land was available, about
20× 50m, where the field test could be carried out. Figures 1
and 2 display the layout of the sheet pile walls. The plan of
the struts’ walings is given in Figure 1. The horizontal dis-
placement curves of the test wall were determined on the site
from inclinometer measurements [18].

3.2. Behavior Laws of Soft Soil Materials. Numerical finite
element modeling necessarily begins the characterization,
on the one hand, the behavior of the soil ground constituting
the structures whose stability is sought to be assessed by
choosing an elastoplastic law to represent them, and on the
other hand, in estimating in a relevant way a value determin-
istic for each of the parameters of the constitutive law, which
associated with other variables, will constitute the input data
of the finite element model. The choice of a realistic law
depends on the mechanism to be modeled, the data available
for the structures, but above all on the precision sought and
numerical considerations. We are interested in the mechan-
isms that can lead structures under extreme stress to failure.

However, to calculate the stability relating to the behavior of
geotechnical structures by the FE technique, the assessment
of the elastic strains does not matter because it is the model-
ing of the appearance and the increase of the unstabilized
plastic strains which is important. Among the laws at our
disposal and described in Mestat [31], we present here two
classic behavior laws of the elastoplastic type: those of
Mohr–Coulomb and Drucker–Prager. These two laws have
the advantage of depending on a few parameters directly
from triaxial and oedometric tests. They allow a certain “econ-
omy” of data acquisition and management which are, in par-
ticular those concerning the mechanical characterization of
materials, relatively few in number and not very varied on
geotechnical projects.

The Mohr–Coulomb criterion is the first that was pro-
posed for soils [31]. It is used for long-term frictional and
cohesive soils. It is characterized by the below relations:

F σijð Þ ¼ σ1 − σ3ð Þ − σ1 þ σ3ð Þsin φ − 2c cos φ ≤ 0; ð1Þ

G σij
À Á¼ σ1 − σ3ð Þ − σ1 þ σ3ð Þsin ψ þ cste; ð2Þ

where c is the shear strength of the material in terms of
vertical effective stress equal to zero, φ is the angle of
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FIGURE 4: Detailed view of the 2Dmesh and soil clusters of the deep excavation in submerged multilayered soft soils retained by two steel sheet
pile walls.

TABLE 1: Structural properties of the AZ13-pile and the L607K-pile.

Pile A (cm2/m) I (cm4/m) W (cm3/m) EIyy (kNm
2/m) M (kg/m2) b (cm) h (cm) tf (mm) c (mm)

AZ13 137 19,700 1,300 41,370 107 67 30.3 9.5 –

L607K 244 70,030 3,220 147,260 192 60 43.5 – 146

Note.A= sheet pile area per metre; I= sheet pile inertia per metre; W= sheet pile inertia modulus per metre; EI= bending stiffness per metre; M=mass per
square metre; b= sheet pile width; and h= sheet pile right-of-way height.
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shearing resistance, and ψ is the dilatancy angle. σ1 and σ3
represent the principal stresses (σ1 ≥ σ2 ≥ σ3). In the princi-
pal stress space, the surface defined by the Mohr–Coulomb
criterion is a hexagonal pyramid with an axis (σ1 ¼ σ2 ¼ σ3)
(Figure 3). Analogies are possible between theMohr–Coulomb
andDrucker–Prager criteria (Figure 3). Relations can be estab-
lished between the parameters (α; γ; k) and (φ;ψ ; c) in certain
situations [31]. The Drucker–Prager criterion is written as
follows:

f σð Þ ¼ ffiffiffiffi
J2

p þ αI1 − K ≤ 0; ð3Þ

f σð Þ ¼ σe þ sin αI1 − K 0 ≤ 0: ð4Þ

The correspondence between the Mohr–Coulomb crite-
ria and those of Drucker–Prager are as follows [32]:

α¼ η¼ 2
ffiffiffi
3

p
sin φ

9 − sin2φ
; γ ¼ 2

ffiffiffi
3

p
sin ψ

9 − sin2ψ
;K ¼ KL¼ 6

ffiffiffi
3

p
c:cos φ

9 − sin2φ
;

ð5Þ

Moreover, the choice of a criterion must also be guided
by the possible numerical difficulties of implementing the
criterion. Some constitutive laws, such as that ofMohr–Coulomb
for example, have a failure criterion comprising singular edges
(Figure 3), which can numerically result in convergence diffi-
culties [32–37]. In view of the above, the Drucker–Prager
model implemented in the Cast3M finite element code will
be used in this paper for the description of the elastoplastic
behavior of soft soil materials.

4. Numerical Modeling

The numerical modeling of the deep excavation in sub-
merged multilayered soft soil retained by steel sheet pile walls
structures is made in 2D, plane strains from the finite

FIGURE 5: Dimensions of AZ13 and Larssen 607K position of strain gauges.

TABLE 2: Mechanical properties of the AZ13-pile and the L607K-pile used for numerical modeling.

Pile
Ieq

(cm4/m)
EIyy

(kNm2/m)
b (cm) h (cm) heq (cm) Eeq (MPa)

Poisson
ratio

γ (kN/m3) Type of model Type of behavior

AZ13 225,000 41,370 67 30.3 30 18,467.3 0.2 24 Linear elastic Nonporous
L607K 710,000 147,260 60 43.5 44 13,574.6 0.2 24 Linear elastic Nonporous
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elements Cast3M [38] calculation code with triangular ele-
ments (7,910 elements) with six nodes (TRI6). The 2D mesh
view of the numerical model and the borehole log with the
altimetry of the different soils is displayed in Figure 4. The
conditions for limiting the displacements at the ends of
the model are classical, i.e., blocking of all displacements at
the bottom of the model (Ux=Uy= 0) and blocking of hori-
zontal displacements on the bound of the model (Ux= 0).
Zero groundwater flow is also fixed on the steel sheet pile
walls and the bottom, left, and right bound of the model.
In this study, the load generated by the self-weight of the

soil is computed using a standard gravity “turnon” procedure
involving integrals over each element of the form:

p eð Þ ¼ γ

Z
Ve
NTd volð Þ; ð6Þ

where N values are the shape functions of the element and
the superscript e refers to the element number. This integral
evaluates the area of each element, multiplied by the total
unit weight of the soil, and distributes the net vertical load
consistently to all the nodes [4, 39–42]. These element loads
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FIGURE 6: Shadings of the deformed of the total displacements: U (m) of the model.
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FIGURE 7: Shadings of the vertical strains of the model.
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are assembled into a global gravity force vector that is applied
to the FE mesh in order to generate the initial stress state of
the problem.

4.1. Materials Model. The properties of the AZ13 and the
L607K steel sheet piles were presented (Table 1 and Figure 5),
and the struts are made of metal beams of high inertia; they
are therefore assumed to be infinitely stiff. The simulation of
the struts supports was made by imposing a zero horizontal

displacement for the two points of support (see Figure 4).
Sheet pile walls are modeled by massive elements. The mate-
rial is assumed to be isotropic linear elastic; Young E’s mod-
ulus is calculated assuming the conservation of bending
stiffness. The inertia of AZ13 sheet pile is evaluated at
19,700 cm4/m, which leads to an inertia product equal to
41,370 kNm2. The steel sheet piles AZ13 and L607K were
modeled as retaining walls of uniform thickness h= 30 cm
and h= 44 cm, respectively, of equivalent modulus of elasticity
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1.49E – 02
1.27E – 02
1.06E – 02

FIGURE 8: Shadings of the horizontal strains of the model.
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equal to Eeq
AZ13 ¼ 18; 467:3 MPa and Eeq

L607K ¼ 13; 574:6 MPa.
The equivalent modulus is given by Eeq¼ EI

Ieq where I
eq is the

equivalent inertia of the uniform wall section considered
(Table 2). The soil data used in the calculations are those
derived from the triaxial tests. The geotechnical parameters
used were collected (see Table 3). Drucker–Prager model
[43], ideal elastoplasticity without hardening or softening, the
constant stiffness parameters are adjusted intrinsic parameters
of the mean Mohr–Coulomb compression and tensile. Apart
from the volume weight γ, the modulus of deformation E, and
Poisson’s ratio, this model requires eight additional

parameters, some of which are deduced from the
Mohr–Coulomb model for its use in the F.E Cast3M code. Its
other parameters are as follows:

α¼ η¼ 2
ffiffiffi
3

p
sin φ

9 − sin2φ
; ð7Þ

α¼ β ¼ Δ¼
ffiffiffi
2
3

r
; ð8Þ

Dry excavation at
level –4 m

UTOT
<1.92E – 01
>0.00E + 00

9.01E – 02
8.10E – 02
7.18E – 02
6.26E – 02
5.35E – 02
4.43E – 02
3.51E – 02
2.60E – 02
1.68E – 02
7.64E – 03

0.19
0.18
0.17
0.16
0.15
0.15
0.14
0.13
0.12
0.11
9.93E – 02

FIGURE 10: Shadings of the total displacements (m) of the model in phase 1.

Dry excavation at
level –4 m

EPYY
<3.63E – 03
>–2.79E – 02

–1.31E – 02
–1.46E – 02
–1.61E – 02
–1.76E – 02
–1.91E – 02
–2.06E – 02
–2.21E – 02
–2.36E – 02
–2.51E – 02
–2.66E – 02

3.38E – 03
1.88E – 03
3.82E – 04
–1.12E – 03
–2.62E – 03
–4.12E – 03
–5.62E – 03
–7.12E – 03
–8.62E – 03
–1.01E – 02
–1.16E – 02

FIGURE 11: Shadings of the vertical plastic strains of the model in phase 1.

10 Advances in Civil Engineering



K ¼ KL¼ 6
ffiffiffi
3

p
c ⋅ cos φ

9 − sin2φ
; ð9Þ

γ ¼ 2
ffiffiffi
3

p
sin ψ

9 − sin2ψ
: ð10Þ

In our computations on Cast3M, we have used a variable
FCYS (FaCtor Yield Surface) for the built-in Drucker–Prager

plasticity model. For theMohr–Coulomb strength parameters
adjustment to the circular cone of the Drucker–Prager failure
surface (see Figure 3), different strategies are known. The
factor FCYS regulates the adjustment [44]. The value of 0.0
is tension, 1.0 is compression, and 0.5 is their average. Other
values would mean a weighted result and values above 1.0 use
the surface equality approach. Values below 0.0 default to 1.0
and the compression adjustment. In this paper, FCYS is fixed
at 0.5. Table 3 presents the soil properties of the model.

Dry excavation at
level –4 m

EPXX
<4.42E – 02
>–9.00E – 03

1.59E – 02
1.34E – 02
1.08E – 02
8.30E – 03
5.77E – 03
3.24E – 03
7.06E – 04
–1.83E – 03
–4.36E – 03
–6.89E – 03

4.38E – 02
4.12E – 02
3.87E – 02
3.62E – 02
3.36E – 02
3.11E – 02
2.86E – 02
2.60E – 02
2.35E – 02
2.10E – 02
1.84E – 02

FIGURE 12: Shadings of the horizontal plastic strains of the model in phase 1.
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FIGURE 13: Horizontal displacements in the steel sheet pile walls in phase 1.

Advances in Civil Engineering 11



β¼ μ¼Δ¼
ffiffi
2
3

q
is implementation specific for Drucker–Prager

model in Cast3M.

4.2. Modeling of the Excavation Procedure. To know the con-
tribution of each phase depending on the functional require-
ments of the geotechnical structure, an elastoplastic calculation
of stress–strain type is carried out and the displacements are
calculated. The solution strategy is based by treatment of the
problem in 2D plane strains (geometry and mesh), the defini-
tion of soils and retaining walls and the application of all self-
weight and charges and the implementation of the excavation

phases by progressive removal of the soil [45]. The following
staged constructions are analyzed in Cast3M: phase 0 is based
on the application of geostatic stress state in the sand fill from
0.65 to −1.5m. In phase 1, the dry excavation to −4.0m is
realized. The fill with water is observed in phase 2 to−1.5m. In
phase 3, the excavation underwater to −7.0m is realized. The
lowering water level to−5.0m is made in phase 4. The fill with
water is observed in phase 5 to −1.5m. The construction of
sand backfill at left of AZ13 steel sheet pile is realized for phase
6. The falling water table to −5.0m is made in phase 7 and the
long-term performance is analyzed in phase 8.

Bottom of excavation at –4 m  and
fill of water to –1.5 m

UTOT
<1.92E – 01
>0.00E + 00

9.01E – 02
8.10E – 02
7.18E – 02
6.26E – 02
5.35E – 02
4.43E – 02
3.51E – 02
2.60E – 02
1.68E – 02
7.64E – 03

0.19
0.18
0.17
0.16
0.15
0.15
0.14
0.13
0.12
0.11
9.93E – 02

FIGURE 14: Shadings of the total displacements (m) of the model in phase 2.

EPYY
<3.56E – 03
>–2.77E – 02

–1.30E – 02
–1.45E – 02
–1.60E – 02
–1.75E – 02
–1.90E – 02
–2.05E – 02
–2.20E – 02
–2.34E – 02
–2.49E – 02
–2.64E – 02

3.31E – 03
1.82E – 03
3.36E – 04
–1.15E – 03
–2.64E – 03
–4.12E – 03
–5.61E – 03
–7.10E – 03
–8.58E – 03
–1.01E – 02
–1.16E – 02

Bottom of excavation at –4 m
and fll of water to –1.5 m

FIGURE 15: Shadings of the vertical plastic strains of the model in phase 2.
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5. Drucker–Prager Elastoplastic Modeling in
Staged Excavation

In this part, the stresses and displacements are calculated for
each excavation/construction stage. The “turn-on” proce-
dure is described clearly according to the following calcula-
tion steps: after generation of the mesh of the global model,
the calculation of the elastic phase is performed in order to
obtain the stresses and the elastic displacements in the struc-
ture. The elastoplastic calculation is carried out in the code
Cast3M on the basis of the initial stress calculated PASAPAS:

Gn ¼ f − K φk; ck;Ψ k; σtð Þunk k<ε; ð11Þ

where G represents the elastoplastic method, f represents the
total force mobilized during the computation time in themodel,
K is the matrix of design plastic parameters as a function of
angle of shearing resistance, dilatancy angle, and shear strength
of the material in terms of vertical effective stress equal to zero,
un is the displacement obtained during computation time nwho
depends of design parameters and the ultimate force mobilized,
and ε represents the relative error of the method.

EPXX
<4.45E – 02
>–7.82E – 03

1.67E – 02
1.42E – 02
1.17E – 02
9.20E – 03
6.71E – 03
4.22E – 03
1.73E – 03
–7.61E – 04
–3.25E – 03
–5.74E – 03

4.41E – 02
4.16E – 02
3.91E – 02
3.66E – 02
3.41E – 02
3.16E – 02
2.91E – 02
2.66E – 02
2.41E – 02
2.17E – 02
1.92E – 02

Bottom of excavation at –4 m
and fll of water to –1.5 m

FIGURE 16: Shadings of the horizontal plastic strains of the model in phase 2.

UTOT
<1.93E – 01
>0.00E + 00

9.02E – 02
8.10E – 02
7.18E – 02
6.27E – 02
5.35E – 02
4.43E – 02
3.52E – 02
2.60E – 02
1.68E – 02
7.64E – 03

0.19
0.18
0.17
0.16
0.15
0.15
0.14
0.13
0.12
0.11
9.94E – 02

Excavation under
water at level –7 m

FIGURE 17: Shadings of the total displacements (m) of the model in phase 3.
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The geostatic stress analysis is based on the existence of
soil layers specified by the user during calculation. The ver-
tical stress in the ith layer is calculated according to the
following equation:

σi ¼ Σhi ⋅ γi: ð12Þ

In the case where the layer is below the water table, the
unit weight of the layer below the water table is specified
using the input data as follows:

γsu ¼ γsat − γw  or γsu ¼ 1 − nð Þ γs − γwð Þ; ð13Þ

where hi is the thickness of the ith layer, γi is the unit weight of
soil, γsat is the saturated unit weight of soil, γw is thewater density
weight, n is the porosity, and γs is the specific weight of soil.

Each excavation/construction stage of the structure corre-
sponds to a PASAPAS calculation phase in the Cast3M code.
In each phase, the parameters of the entire model are inserted
and the calculation results are logged in a table. The phase
number corresponds to the number of calculation tables.

EPYY
<3.54E – 03
>–2.77E – 02

–1.30E – 02
–1.45E – 02
–1.60E – 02
–1.75E – 02
–1.90E – 02
–2.05E – 02
–2.20E – 02
–2.34E – 02
–2.49E – 02
–2.64E – 02

3.29E – 03
1.81E – 03
3.23E – 04
–1.16E – 03
–2.65E – 03
–4.13E – 03
–5.62E – 03
–7.10E – 03
–8.59E – 03
–1.01E – 02
–1.16E – 02

Excavation under
water at level –7 m

FIGURE 18: Shadings of the vertical plastic strains of the model in phase 3.

Excavation under
water at level –7 m

EPXX
<4.47E – 01
>–6.90E – 03

1.73E – 02
1.48E – 02
1.24E – 02
9.90E – 03
7.44E – 03
4.98E – 03
2.52E – 03
6.50E – 05
–2.39E – 03
–4.85E – 03

4.43E – 02
4.18E – 02
3.94E – 02
3.69E – 02
3.45E – 02
3.20E – 02
2.96E – 02
2.71E – 02
2.46E – 02
2.22E – 02
1.97E – 02

FIGURE 19: Shadings of the horizontal plastic strains of the model in phase 3.
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5.1. Phase 0: Ground and Sand Fill. The purpose of the elas-
toplastic calculation carried out is to obtain the stresses and
displacements throughout the model. The entire soil ground
is built in a single phase. The gravity load is applied on the
model. The importance of this phase is to assess the relevance
of the modeling assumptions taken (walls, soil behavior, 2D
plane strains, etc.). Figures 6–9 present the displacements, the
strains, the water pressure, and lateral earth stress. The water

and lateral earth stress obtained by FE modeling is compared
by those from measurements [18, 19].

The total displacements are of the order of 19 cm on the
surface of the sand backfill. This displacement clearly shows
the behavior of the soft soil. This observation is confirmed by
the shadings of the vertical plastic strains with a very high
concentration in peat of the order of −2.53× 10−3. The vali-
dation of the FE modeling is done by comparing the results
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FIGURE 20: Horizontal displacement in the steel sheet pile walls in phase 3.

Bottom of excavation at –7 m
and lowering water level to –5 m

UTOT
<2.01E – 01
>0.00E + 00

9.41E – 02
8.46E – 02
7.50E – 02
6.54E – 02
5.58E – 02
4.63E – 02
3.67E – 02
2.71E – 02
1.76E – 02
7.98E – 03

0.20
0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11
0.10

FIGURE 21: Shadings of the total displacements (m) of the model in phase 4.
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of the model with those of on-site measurements. The results
of hydraulic pressures and lateral earth pressures around the
AZ13 wall are presented in Figure 9. A perfect concordance
is observed (FE results vs. measurement results), thus vali-
dating the assumptions of the FE modeling taken.

5.2. Phase 1: Dry Excavation to −4.0 m. This phase is based
on the dry excavation of geostatic stress state in the ground.
The excavation of the soft soils between the two walls induces
a total displacement of 19 cm out of the excavation and about

3.5 cm inside the excavation. Figures 10–12 present the total
displacements, plastic strains, and vertical stress (phase 1) of
the model from elastoplastic analysis. A perfect consistency
is observed on the horizontal displacements within the exca-
vated zone on the walls AZ13 and L607K (Figure 13). The
difference between the results of calculations and measure-
ments remains small.

5.3. Phase 2: Fill withWater to−1.5m. Phase 2 is based on the fill
with water from −4.0 to −1.5m. In view of the results of this

Bottom of excavation at –7 m
and lowering water level to –5 m

EPYY
<3.80E – 03
>–2.88E – 02

–1.35E – 02
–1.51E – 02
–1.66E – 02
–1.82E – 02
–1.97E – 02
–2.13E – 02
–2.29E – 02
–2.44E – 02
–2.60E – 02
–2.75E – 02

3.55E – 03
1.99E – 03
4.40E – 04
–1.11E – 03
–2.67E – 03
–4.22E – 03
–5.77E – 03
–7.32E – 03
–8.88E – 03
–1.04E – 02
–1.20E – 02

FIGURE 22: Shadings of the vertical plastic strains of the model in phase 4.

Bottom of excavation at –7 m
and lowering water level to –5 m

EPXX
<4.44E – 02
>–8.17E – 03

1.64E – 02
1.39E – 02
1.14E – 02
8.92E – 03
6.42E – 03
3.92E – 03
1.42E – 03
–1.08E – 03
–3.58E – 03
–6.08E – 03

4.39E – 02
4.14E – 02
3.89E – 02
3.64E – 02
3.39E – 02
3.14E – 02
2.89E – 02
2.64E – 02
2.39E – 02
2.14E – 02
1.89E – 02

FIGURE 23: Shadings of the horizontal plastic strains of the model in phase 4.
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phase (Figures 14–16), the variation of the quantities calculated
compared to phase 1 remains small. The displacements and plas-
tic strains of the model are almost identical to those of phase 1.

5.4. Phase 3: Excavation Underwater to −7.0 m. This phase is
based on the excavation underwater of geostatic stress state
in the ground. The excavation of the soft soils between

the two walls induces a total displacement of 19 cm out of
the excavation and about 1.68 cm inside the excavation.
Figures 17–19 present the total displacements and plastic
strains (phase 3) of the model. An increase in plastic strains
around the walls is observed in Figures 18 and 19. The
increase in deviatoric stresses as a function of the depth of
the excavation also induces an increase in plastic strains
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FIGURE 24: Horizontal displacement in the steel sheet pile walls in phase 4.

Bottom of excavation at –7 m
and fill with water to –1.5 m 

<1.98E – 01
UTOT

>0.00E + 00
0.20
0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11
0.10
9.26E – 02
8.32E – 02
7.38E – 02
6.44E – 02
5.49E – 02
4.55E – 02
3.61E – 02
2.67E – 02
1.73E – 02
7.85E – 03

FIGURE 25: Shadings of the total displacements (m) of the model in phase 5.
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around the excavated area. Perfect consistency is observed on
horizontal displacements within the excavated area on the
AZ13 walls (Figure 20). A slight difference is observed on
the displacements of the L607K wall. The gap between the
numerical and measurement results remains small. The hor-
izontal displacements induced in this phase are significantly
higher than those in phase 1.

5.5. Phase 4: Lowering Water Level to −5.0 m. In this phase 4,
the lowering water from −1.5 to−5m is realized. The drop in
the water level from −1.5 to −5.0m causes an increase in

plastic stains and horizontal displacements within the excava-
tion. The increase in horizontal displacements on the retaining
walls is about three times compared to phase 3 (Figures 21–24).
This unconfinement pressure causes strong instabilities around
the retaining walls, despite the retention by struts at their tops.
The values of plastic strains and lateral displacements on the
walls are much higher than those expected for retaining struc-
tures (depending on the state-of-the-art).

5.6. Phase 5: Fill with Water to −1.5 m. The fill with water
from −5.0 to −1.5m is observed on the excavation in this

Bottom of excavation at –7 m
and fill with water to –1.5 m  

<3.73E – 03
EPYY

>–2.85E – 02
3.48E – 03
1.95E – 03
4.13E – 04

–1.12E – 03
–2.65E – 03
–4.18E – 03
–5.72E – 03
–7.25E – 03
–8.78E – 03
–1.03E – 02
–1.18E – 02
–1.34E – 02
–1.49E – 02
–1.64E – 02
–1.80E – 02
–1.95E – 02
–2.10E – 02
–2.26E – 02
–2.41E – 02
–2.56E – 02
–2.72E – 02

FIGURE 26: Shadings of the vertical plastic strains of the model in phase 5.

Bottom of excavation at –7 m
and fill with water to –1.5 m  

<4.46E – 02
EPXX

>–8.14E – 03
4.42E – 02
4.17E – 02
3.92E – 02
3.67E – 02
3.41E – 02
3.16E – 02
2.91E – 02
2.66E – 02
2.41E – 02
2.16E – 02
1.91E – 02
1.66E – 02
1.41E – 02
1.15E – 02
9.03E – 03
6.51E – 03
4.00E – 03
1.49E – 03

–1.02E – 03
–3.53E – 03
–6.05E – 03

FIGURE 27: Shadings of the horizontal plastic strains of the model in phase 5.
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phase 5. The variation of the quantities calculated (Figures 25–27)
compared to phase 4 remains small. The displacements and
strains of the model are almost identical to those of phase 4.
The retaining walls having undergone excessive strains and
horizontal displacements in phase 4, the fill with water oper-
ation from −5.0 to −1.5m does not modify the apparent state
of stresses in the soft soils.

5.7. Phase 6: Sand Backfill Behind AZ13 Steel Sheet Pile Wall.
In this phase 6, the application of surface load for sand
backfill behindAZ13 steel sheet pilewall is realized. Figures 28–31

present the total displacements, plastic strains, and horizontal
displacements in the walls. The total displacement behind the
AZ13 wall reaches 31 cm, it remains of the order of 20 cm
behind the L607K wall. This sand backfill creates a great
increase in stresses, strains, and displacements around the
AZ13 wall. An increase of about 40% in horizontal displace-
ments on the AZ13 wall is observed compared to phase 4
(Figure 31).

5.8. Phase 7: Lowering Water Level to −5.0 m. The lowering
water from −1.5 to −5m is realized. Figures 32–35 present

Bottom of excavation at –7 m
and water level to –1.5 m

Sand backfill behind AZ13 wall <3.16E – 01
UTOT

>0.00E + 00
0.31
0.30
0.28
0.27
0.25
0.24
0.22
0.21
0.19
0.18
0.16
0.15
0.13
0.12
0.10
8.78E – 02
7.27E – 02
5.77E – 02
4.26E – 02
2.76E – 02
1.25E – 02

FIGURE 28: Shadings of the total displacements (m) of the model in phase 6.

Bottom of excavation at –7 m
and water level to –1.5 m 

Sand backfill behind AZ13 wall <3.73E – 03
EPYY

>–4.51E – 02
3.34E – 03
1.01E – 03

–1.31E – 03
–3.64E – 03
–5.96E – 03
–8.29E – 03
–1.06E – 02
–1.29E – 02
–1.53E – 02
–1.76E – 02
–1.99E – 02
–2.22E – 02
–2.46E – 02
–2.69E – 02
–2.92E – 02
–3.15E – 02
–3.39E – 02
–3.62E – 02
–3.85E – 02
–4.08E – 02
–4.32E – 02

FIGURE 29: Shadings of the vertical plastic strains in phase 6.
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the deformedmesh, the total displacements, and plastic strains
of the model. The drop in water level from −1.5 to −5.0m
causes an increase in total displacements (33 cm), plastic
strains around the AZ13 wall. A slight increase in these sizes
is observed around the L607K wall as well.

5.9. Phase 8: Long-Term Performance. The calculation of the
long-term behavior of the geotechnical work is performed

with progressive drawdown of the water level to the bottom
of the excavation (−7.0m). This drop also causes an
increase in total displacements (35 cm), plastic strains,
and large horizontal displacements on the retaining walls
(Figures 36–39). These lateral movements reach the value of
230× 10−3m on the AZ13 wall (against 137mm in phase 6)
and 159mm for the L607K wall (against 118mm in phase
6) (Figure 39).

Bottom of excavation at –7 m
and water level to –1.5 m  

Sand backfill behind AZ13 wall <5.01E – 02
EPXX

>–1.16E – 02
4.96E – 02
4.67E – 02
4.37E – 02
4.08E – 02
3.79E – 02
3.49E – 02
3.20E – 02
2.90E – 02
2.61E – 02
2.32E – 02
2.02E – 02
1.73E – 02
1.43E – 02
1.14E – 02
8.47E – 03
5.54E – 03
2.60E – 03

–3.40E – 04
–3.28E – 03
–6.22E – 03
–9.15E – 03

FIGURE 30: Shadings of the horizontal plastic strains of the model in phase 6.
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FIGURE 31: Horizontal displacement in the steel sheet pile walls in phase 6.
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6. Discussion

The values of horizontal strains obtained on the steel sheet
piles walls greatly exceed those commonly accepted for such
structures which are of the order from 10−4 to 10−3 [40];
hence the need for another struts fixing these large strains.
The horizontal deflection curves of the site investigation
were determined by means of conventional measures [18].
Measurements and finite element values of the displacements

for AZ13 and L607K walls are illustrated in Figures 13, 20,
24, 31, 39, and 40. The results of the horizontal displace-
ments for all phases on the AZ13 and L607K walls are illus-
trated in Figure 40. For phases 2 and 5 (water rise to −1.5m),
the horizontal displacements were not measured. The differ-
ences between the FE calculation and measurement results
for the horizontal displacements water pressures and lateral
earth pressure are small.

Phase 7

Bottom of excavation at –7 m
and lowering water level to –5 m 

Sand backfill behind AZ13 wall

FIGURE 32: Deformed mesh of the model in phase 7.

Sand backfill behind AZ13 wall
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FIGURE 33: Shadings of the total displacements (m) of the model in phase 7.
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Vertical and horizontal stresses, including water pres-
sure, increased slightly after the sand backfill was placed.
The construction of the embankment behind AZ13 wall
caused a significant increase in the pressures on this wall,
due to the low rigidity of the soft soils in place. The active
thrust condition of the earth was obtained because of this
increased pressure, which caused significant horizontal dis-
placements of the AZ13 sheet pile toward the interior of the
excavation. The immediate behavior of the construction to

refilling of the excavation is observed. The shadings of the
vertical plastic strains (Figures 7, 11, 15, 18, 22, 26, 29, 34,
and 37) show that excessive plastic strains are localized in the
peat layer which has very poor geotechnical characteristics.
The largest horizontal plastic strains are located on the top of
the soil ground in contact with steel sheet pile walls
(Figures 8, 12, 16, 19, 23, 27, 30, 35, and 38). This behavior
is justified by the fact that the steel sheet pile walls are
blocked at their apex inside the excavation and the first

Bottom of excavation at –7 m
and lowering water level to –5 m 

Sand backfill behind AZ13 wall <3.81E – 03
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FIGURE 34: Shadings of the vertical plastic strains in phase 7.
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FIGURE 35: Shadings of the horizontal plastic strains of the model in phase 7.
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horizontal stresses appear on the first parts in contact with
the soil ground. The middle of the so-called steel sheet pile
walls becomes flexible depending on the depth of the exca-
vation. The results of on-site measurements through the
horizontal displacements curves on the L607K steel sheet
pile wall show a loosening of the struts which causes the
appearance of horizontal displacements at the apex to the
excavated side.

The results of the numerical horizontal displacements
through the curves presented show zero movement at the
top of the steel sheet pile walls, the correct ones, as they were

blocked like the struts on site. These horizontal displace-
ments are located between the top and base of the steel sheet
pile walls and increase with the depth of the excavation. For
this excavation, it is the gravity unloading which induces the
failure of the soil ground by means of an increase in the
deviatoric stresses. A rigorous numerical modeling of such
a structure is to prevent its failure mechanisms (depending
on the stresses and displacements) and to be able to antici-
pate by taking the necessary solutions to avoid collapses
during and after the construction. In the case of deep exca-
vations in submerged soft soils, the maximun horizontal

Bottom of excavation at –7 m
and lowering water level to –7 m 

Sand backfll behind AZ13 wall <3.52E – 01
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FIGURE 36: Shadings of the total displacements (m) of the model in phase 8.

Bottom of excavation at –7 m
and lowering water level to –7 m
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FIGURE 37: Shadings of the vertical plastic strains in phase 8.
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displacements were set at umax= 0.02, H0= 0.14m, (H0:
height of excavation) [46]. Observation of the horizontal dis-
placement curves generated by steel sheet pile walls during
excavation shows that a second bed (approximately –5.0m
deep) of struts is necessary to prevent these displacements.
The transformation of the geometry and stiffness of the steel
sheet pile walls to the retaining walls of an equivalent bending
stiffness on the one hand and regular geometric shapes
allowed in this paper to overcome the difficulties of modeling

these steel sheet pile walls in 2D with irregular shapes. The
results of this approach are satisfactory in view of the hori-
zontal displacement curves obtained on the steel sheet pile
walls compared by the measures.

The Drucker–Prager law used to describe the behavior of
the soil models made it possible to realistically predict the
response of the geotechnical works following the phases of
excavation, lowering or filling the water level in the excava-
tion. This study shows that rigorous modeling (very fine

Bottom of excavation at –7 m
and lowering water level to –7 m

Sand backfill behind AZ13 wall EPXX
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FIGURE 38: Shadings of the horizontal plastic strains of the model in phase 8.
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mesh, behavior laws adapted to the materials, compliance
with execution phases) realistically allows the behavior of
geotechnical works. The results obtained in this study are
of the same order as those resulting from measurements.
The designer is able to make decisions that guarantee the
durability of his structure according to the functional
requirements and the expected lifespan based on rigorous
numerical modeling. Such an approach saves large budgets
for maintenance and repair operations. Rigorous numerical
modeling makes it possible to obtain valid results at reason-
able costs without waiting for long delays to draw lessons
from full-scale experiments with structures that require very
high time and budgets.

7. Conclusion

Cast3M is an FE code dedicated mainly to the calculation of
stiff structures. At present, from a methodical, rigorous, and
sophisticated computation, we manage to solve complex geo-
technical problems both respecting the functional require-
ments and the different stages of excavation/construction
allowing to have the overall stability which guarantees the
durability of the geotechnical structure in comfortable safety
conditions. The results presented in this paper were com-
pared with those from measurements testifying to the reli-
ability of our rigorous computation from the Cast3M code.
Optimization numerical backcalculation results are proposed
for retained walls design and construction on the basis of the
horizontal displacements, earth and hydraulic pressure mea-
surements. The difficulties of modeling 2D sheet pile walls in
2D with irregular shapes were overcome by transforming the
geometry and stiffness of these steel sheet pile walls into
retaining walls of equivalent bending stiffness on the one
hand and regular geometric shapes on the other hand. The
results of this approach are satisfactory in view of the hori-
zontal displacement curves obtained on the steel sheet pile
walls compared by the measures. Numerical modeling makes
it possible to carry out calculations that contribute to the
optimization of geotechnical structures. Nevertheless, if
they are poorly carried out, these calculations can lead to
erroneous interpretations in the design of geotechnical

structures and it is therefore more necessary than ever to
know the most important aspects of numerical modeling.
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