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Project — Part 4 — 13.11.2025 (due on 19.12.2025)

Evaluation and design of a geotechnical project using finite
element method

Problem statement

As a geotechnical engineer, you are responsible for designing an excavation in clay soil supported by two
diaphragm walls, as shown in Figure 1. The soil properties have been determined in the previous project
phases. The data and parameters that you have established will now be used in the geotechnical design of
the structure.

In this phase, you will construct a finite element model (FEM). The results obtained will allow you to analyse
the best sequence of works, the effect of the choice of constitutive model, and the importance of hydraulic
flow during construction. Steady-state conditions are considered for each stage.
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Figure 1: Geometry of the excavation problem (final stage)

This project will consider two different construction sequences: either the strut is placed at the end of the
excavation (configuration 1) or at the beginning (configuration 2). This analysis demonstrates the
significance of stress history during a project. You will choose the optimal configuration based on the
model results.

Configuration 1 Configuration 2
0. Initial conditions (fluid head at 0 m) 0. Initial conditions (fluid head at 0 m)
1. Installation of the diaphragm walls 1. Installation of the diaphragm walls and the strut
2. Excavation to -1 m and fluid head at -1 m 2. Excavation to -1 m and fluid head at -1 m
3. Excavation to -3 m and fluid head at -3 m 3. Excavation to -3 m and fluid head at -3 m
4.  Excavation to -5 m and fluid head at -5 m 4.  Excavation to -5 m and fluid head at -5 m
5. Excavation to -6 m and fluid head at -6 m 5. Excavation to -6 m and fluid head at -6 m
6. Installation of the strut (Final step) (Final step)



4. Implementation of FE model

The finite element calculation is performed with ZSoil. You will construct the model from scratch (geometry,
boundary conditions, flow conditions, mesh, staging). Due to the symmetry of the structure, the model size
can be reduced by modelling only half of the structure. A schematic representation of the problem is shown
in Figure 2.
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Figure 2: Schematic representation of the problem

The software can be downloaded at the following website: https://zsoil.com/student/. Follow the installation
instructions on the website to obtain the free student version.

A tutorial is provided in the appendix to guide the student through the implementation steps of the software.
4.1.Data and model preparation

Follow the instructions given in the tutorial and build a first model using Mohr-Coulomb as the constitutive
model for the soil, and configuration 1 (installation of the strut at the end of the excavation).

One of the first steps is to define the material properties. The key soil parameters have been defined in the
past phases of the project. The parameters for the concrete and the strut are given in the tutorial.

a) Given the relationship K, = 1 — sin(¢"), calculate the initial coefficient of lateral stress. Use this
value to define the initial conditions in the FE model.

b) Which of the three triaxial tests performed in the previous phases is the most representative given
the soil conditions at the bottom of the excavation? Explain your choice by comparing the pre-
consolidation pressures. Express the corresponding elastic parameters (Eo and vo) that will be used
in the FE model.


https://zsoil.com/student/

4.2.Effect of sequence

To demonstrate the significance of stress history during a project, build a second model using Mohr-
Coulomb as the constitutive model for the soil, and configuration 2 (installation of the strut at the beginning
of the excavation). It is recommended that the model created in the previous section be copied and the
desired parameters (in this case, the existing functions) modified.

Run both models (configurations 1 and 2) considering the Mohr-Coulomb constitutive model. Compare the
results and answer the following questions.

a) Plot the in-situ state of stress at the initial conditions. Explain analytically the values for effective
stresses (ay, 0y, ), the total stresses (o, g,), and the pore water pressure p,,.

b) For the final stage, plot the displacements (absolute, horizontal, and vertical) in the soil. In the
excavation zone, compare and comment on the two configurations.

c) Forthe final stage, plot the effective stresses (ay, gy, ), the total stresses (ay, o) in the soil. In the
excavation zone, compare and comment on the two configurations.

d) According to the previous results, which configuration is the most suitable? Explain why.

4.3. Effect of the constitutive model

To demonstrate the effect of the constitutive model, build two models considering Mohr-Coulomb and
Modified Cam-Clay as the constitutive models for the soil, under the best configuration defined previously
(section 4.2, question d)). Please note that in ZSoil, 'Modified Cam-Clay' is called '‘Cam-Clay'".

a) For the final stage, plot the displacements (absolute, horizontal, and vertical) in the soil. In the
excavation zone, compare and comment on the role of the constitutive model.

b) For the final stage, plot the effective stresses (ay, oy, ), the total stresses (o, g,) in the soil. In the
excavation zone, compare and comment on the role of the constitutive model.

4.4.Effect of the flow

As the flow is calculated separately from the mechanical model in ZSoil, the constitutive model does not
influence the flow calculation. Similarly, the two configurations considered do not affect the flow
distribution. Therefore, you may select any model you wish.

a) Plot the total head for all the excavation stages (-1 m, -3 m, -5 m and -6 m). Draw the flow net on
the total head plots for all the excavation stages by hand. Check the consistency of the flow by
looking if the flow lines are in agreement with the flow net.

b) Visualize the flow velocities for all the excavation stages (-1 m, -3 m, -5 m and -6 m). For the worst-
case scenario, you are asked to design the pumping system at the bottom of the excavation. Provide
an estimate of the flow in liters per meter per day [I/m.day] for the entire structure. Based on this
value, do you think it is needed to install a pumping system?

c) Anew parking lot has just been built thanks to your excavation. A slab has been cast and the bottom
of the excavation is now impermeable. What will be the consequences and how it will affect the
general distribution of effective stresses (o, o, ) and the pore water pressure (p,,)? Please provide
a reason response to this question, it is not necessary to create a new model.



d) When the water flows in the soil, it induces a seepage force on the particles in the direction of its
motion. If this force is high, it can displace the soil particles and particles may get carried away by
the flowing water. This phenomenon leads to a serious problem in soil engineering, which is known
as piping. The safety factor for piping F is defined as follows and should be higher than 2.5:

i
F=7”>2.5

where i is the critical hydraulic gradient and i is the actual hydraulic gradient. For low cohesive
soils (¢ = 0 kPa), the critical gradientis i, = ;/— The hydraulic gradient (i = %) is computed
close to the zone of excavation (in orange in Figure 3).

Compute the safety factor for piping. Does piping is verified for this project?

Figure 3: Area of interest for piping verification

APPENDIX

ZSoil - Tutorial
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In the following sections a step-by-step tutorial is presented to solve the proposed problems with the
use of the software ZSoil v.25.04. Three main steps will be accomplished:

Introduction ZSoil

* a preprocessing phase, where all the input data are introduced (problem geometry, material
properties, mesh, boundary conditions, driver definition, ...);

* the calculation step, where the boundary value problem is solved with the finite element method,;

* a postprocessing phase, in which the obtained results are displayed and analyzed.

Remarks: ..

To indicate a command to be selected from a menu, the 4
notation 'Menu > Submenu > Command' will be used. —t % {_
Please take note of the positive sign convention for the 1 =
stress field, defined with respect to a Cartesian

coordinate system.

Positive stresses (2D case)
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Preselection of the analysis

IMPLEMENTATION OF FINITE ELEMENT MODEL WITH ZSOIL
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Preselection of the analysis

Set of parameters for the exercise :

* Version type : Advanced

* Analysis type : Plane Strain

* Problem type : Deformation + Flow

* Project preselections : Show all options
(meaningful options in black, other in gray color)

* Unit system : Standard

Save the project with 'File > Save as' in your personal
folder. Remember to save regularly your project with
'Ctrl + S’

Select 'Control > Units' and take note of the unit
system in use.

Geomechanics- Fall 2025

=
Yerzion type |.ﬁ.dvanced j ;_,,
Analyziz type |F'Iane Strain ﬂ

I‘a_/:
Frablem type |Defn:nrmatin:nn + Flow j

Froject preselection

™ Frames only [ Stuctures only

[ Dynamics [ Pushowver o
" Shaow meaningful options anly

* Shaow all options [meaningful options in black, other in gray color)
" Show all options [all in black colar)

Project tile 250l example

Model ‘

description

Authar |GE':'D B

Carmpary |I3Eu:uD e

Urit system  |STANDARD =l Show @

] | Cancel |
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The preprocessing phase

IMPLEMENTATION OF FINITE ELEMENT MODEL WITH ZSOIL
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The preprocessing phase

In this phase, you will introduce the input data. (problem geometry, material properties, mesh,
boundary conditions, driver definition, ...).

e Select 'Run preprocessor’

: File Control Assembly Analysis Results Extras  System configuration Help View Virtual Lab

: - = Eval = i
R I | % Gf Ci DE M= EE LE = P4 G 53 K Pz L7 HC!A

i MNew Open Save Project Run Control  Drivers Materials Existence Load Evolution Parametric  Run analysis  View log file Restart Run About Virtual Lab
: preselection Preprocessor definition  functions  functions functions analysis analysis Postprocessor
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The preprocessing phase

MATERIAL

 Select 'Assembly > Materials'. To add a material, click on ‘Add’. Rename the material considered
and select the type under ‘Continuum & structure type’ and the constitutive law under ‘Material
formulation’ of your material.

* In this study, two constitutive models are considered (Morh-Coulomb or Modified Cam-Clay). Select
the correct material formulation according to the project statement. Please note that Modified Cam-
Clay is called Cam-Clay in ZSoil.

Material type Material formulation

1 Clay (soil) Continuum Morh-Coulomb or Cam-Clay
2 Concrete Continuum Elastic
3 Strut Beam Beam

Geomechanics- Fall 2025 SEMESTER PROJECT - PART 4 8
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* For each material, enter the following parameters. If nothing else is specified, consider the other
parameters with their default values.

The preprocessing phase

Clay (Soil) Concrete Strut

Elastic Elastic Elastic

* Young modulus E * Young modulus E = 30 GPa *  Young modulus E = 210 GPa

* Poisson ratio v  Poisson ratiov=0,2 * Poisson ratiov=0,3

Unit weight Unit weight Unit weight

» Saturated weight / unitvolumey <+ Saturated weight / unit volume y=25 kN/m3 < Unit weight / unit volume y = 75 kN/m3
e Dry weight / unit volume y, * Dry weight / unit volume y,=25 kN/m?3

* Fluid weight / unit volume vy * Fluid weight / unit volume y.=10 kN/m3

* Initial void ratio e
°  Initial void ratio €,=0

Flow Flow Cross section

 Darcy’s coefficient k =1e-8 m/s e« Unselect to have an impermeable layer * Type - Profiles

* Residual saturation ratio Sr = 0,1 * Database - CatPro.pro

* Airentry suctiona=0,11/m * Section - HEB 200

* Pore size distributionn =2 * Interval between beamsa=1m

Geomechanics- Fall 2025 SEMESTER PROJECT - PART 4 9
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The preprocessing phase

 Parameters table (continued)

Clay (Soil) Concrete Strut
Non linear Main
For Morh-Coulomb: « As default

* Cohesionc
* Friction angle ¢
* Dilatancy angle y=¢/3

For Modified Cam-Clay:

* Slope of critical state line M
* Slope of 1%t consolidation A
* Slode of 2" consolidation k

C

Initial K, state
 Kox)=1-sin(¢’)
* Ky(z)=1-sin(¢’)
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The preprocessing phase

GEOMETRY

Set the construction lines ('Draw > Construction Axes'). Delete the actual positions (‘Delete all'), then

add the following positions writing the values in the position box and clicking ‘Add.

Geomechanics- Fall 2025

= Axes >

Label |Default
I

Position [m]
-20

0.8

]

5

-10

| fidd multiple |

= Axes *

Label |Default
x v

Paosition [m]

-28

-20

| A multiple |

Aues' Manager
Add Aues | Delete Axes | Madify Axes |

Mur... | Axiz nanme |

= 1  Default

Save axes 55 default

Import Axes from *.inp file

] | Caticel |

Aues' Manager
Add Axes | Delete Axes | todify Axes |

MHur... | Axig hame |

= 1 Default

Save axes az default

Import Axes from *.inp file

ar. | Cancel |
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The preprocessing phase

o

Select ‘Macro Model > Point > Create ... > Point’. Select | j ol
each intersection grid point and define a point. Press ‘Esc’
when finished.

N

» &

Select ‘Macro Model > Objects > Create ... > Line ... > By 2
points’. Unselect continue. Draw lines between each
points.

Subdomains have to be created inside the drawn contours.
On the right menu select ‘Macro Model > Subdomain > 2D
continuum inside contour' and click inside the contours.

Subdomains will be created considering the material
number 1. Ensure that this is the clay (soil). If not, go to
‘Select all > Select all’ and then on ‘Macro Model >
Subdomain > Parameters’. On material initial, select the
clay (soil).
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The preprocessing phase

Select the line with the coordinate x€ [0m; 5m],y = Om. Go
to ‘Macro Model > Subdomain > Beam on object(s)’.
Define the initial material as the strut.

Select the element corresponding to the diaphragm wall. At
initial conditions, these elements were made of soil. Then
the diaphragm wall is installed. Go to ‘Macro Model >
Subdomain > Parameters’. Define the initial material as
the clay (soil) and the 1-st initial replacement material as

concrete.

Set parameters for selected elements *
M aterials
[v  Iritial 1 1: Clav [z -
¥ -3t replacement mat.: |2 |2; Concrete ﬂ
r [ | <Edit._» |
Functions
r [ | <Edit._> |
r [ | <Edit._> |

| oK, | Cancel |
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The preprocessing phase

STAGING

We will now define the different steps of the project. In this study, two staging are considered:
e Configuration 1 : Strut installation at the end of the excavation
* Configuration 2 : Strut installation at the beginning of the excavation

Select the correct configuration according to the project statement.

For exemple, the sequence is as follows for the configuration 2 :

0 1 2 3 4 5
| | | | | | » Steps
Initial Installation of diaphragm  Excavation Excavation Excavation Excavatllon
conditions wall and strut to-1m to -3 m to-5m to -6 m (Final)
Geomechanics- Fall 2025 SEMESTER PROJECT - PART 4 14




The preprocessing phase

STAGING

The steps are defined through existence functions. Select ‘Assembly > Existence function’. Define an
existing function for each steps according to the studied configuration. Please note that :

For configuration 2, the existence function should be as follows : ‘

Geomechanics- Fall 2025

Active period 1 refers to the initial material

Active period 2 refers to the 1-st replacement material

The active period are defined through t, (first step the material should appear) and t, (the last
step the material should disappear)

If a material appears and then is always present, enter INF for t,

If a material is always existing, there is no need to define an existing function

2 - Excavation

3 - Excavation

3
s

4 - Excavation

lllllllllllllll
5- Slab ‘ ‘ ‘ |
[ [ [

IIIIIIIIIIIIIIII
& - Concrele |
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The preprocessing phase

Select each elements and associated the corresponding existence function through ‘Macro Model >
Subdomain > Parameters > Existence function’.

Visualize the staging by clicking on show excavation/construction steps. Please note that if an element
appears in step i, it wiIVI be visualised in step i-‘lr_‘l_,

z
XX <00 )|
Togzzoml
FEg3528R

Ox AdS Ba
pr——
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The preprocessing phase

Coarse mesh Refined mesh

MESH

To create the mesh, select on the right menu 'Macro
Model> Subdomain > Create virtual mesh' then click
inside a subdomain.

You need to select each subdomain independently.

We would like a refined mesh close to the excavation
and a coarser mesh on the boundary.

Example of refined /coarse virtual mesh

Geomechanics- Fall 2025 SEMESTER PROJECT - PART 4 17




The preprocessing phase

Mesh:

In the meshing parameters window select structured mesh type, with a quadrilateral mapping template. 4
red numbers automatically appear on the 4 subdomain corners and their coordinates appear in the
'‘Control points' box (Note that you could obtain a different order than the one in the figure below). These
points are used to split the subdomain edges. The number in the split boxes corresponds to the number
of division of an edge.

Click on 'Create virtual mesh' at the bottom of the window

eeeeeee

M apping template Split

* Quadiateral Edge1-2 |10
" Triangular Edge1-4 |2
Cantrol | paints
gl Pick 0.000000  -1.000000  0.000000
5000000 -1.000000  0.000000
Femave all | (5000000 0.000000  0.000000
0000000 0.000000  0.000000
1im Al
" Urstiuctured
@ 05
< > < I
5 m " Through morphing
i+
g
Example of refined mesh (element size : 0,50 m)
I Adiust split to esisting meshed Subdomains
Create virtual mesh | Clase
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The preprocessing phase

Mesh:

For a beam element (the strut), simply select it and select on the right
menu 'Macro Model> Subdomain > Create virtual mesh’. Keep the
default parameters as they are.

Once all the subdomains have a virtual mesh, click on select all. On the
right menu, select 'Macro Model> Subdomain > Virtual -> Real mesh’

Geomechanics- Fall 2025 SEMESTER PROJECT - PART 4 19




The preprocessing phase

FLOW CONDITIONS
Fluid head = h,
Since we consider the symmetry, the boundary \
conditions are as in the Figure. oressure i hesd
acgording to the
Please note that during the excavation, the fluid fluidhead=h(y) R
head is evolving according to the excavation depth. \V 'mpermeat
: Impermeable
o "

Impermeable
X
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The preprocessing phase

To define the fluid head, select the edges with the same fluid head on the Macro Model with :

Select 'Macro Model> Pressure BC > Fluid head on selected edges’ and enter :
e Corresponding fluid head [m]
* Existence function defined the same way as previously

The pink triangles should be placed at the corrected depths. Check that the conditions are well
implemented by visualising the different steps.

Geomechanics- Fall 2025 SEMESTER PROJECT - PART 4 21
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The preprocessing phase

To define the pressure according to fluid head, select the boundary edges on the left (x = -20m, y €
[—28m; O0m]. Select 'Macro Model> Surface load > Pressure via Fluid Head > On selected edges (SH)’
and enter the corresponding fluid head at the surface

The red triangle should be placed at the corrected depth.

v
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The preprocessing phase .
% °°°°°°° R ks
Check that the flow conditions appear in the FE model (select FE in the left pane). T

NNNNN

eeeeeeeeeeeee

The edges where no boundary conditions have been applied are impermeable.

BOUNDARY CONDITIONS
Select all. Select on the right menu ‘FE Model > Boundary conditions > Solid BC > On
box’.

v
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The preprocessing phase

INITIAL CONDITIONS

Select all. Select on the right menu ‘FE Model > Initial conditions > Initial stresses > On bounding
box’. Click on simplified definition and enter the saturated density (Gamma) and the initial Ky (Ko).
The vertical stress (Sig YY) is zero since we don’t have any external loading.

v

_l|I|I I|I I|I |I I| | |I |I|I I|I|

P2

Your model is ready ! %
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The calculation step

IMPLEMENTATION OF FINITE ELEMENT MODEL WITH ZSOIL
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The calculation step

The sequence of the calculations to be performed is now specified selecting ‘Drivers’.

An initial state driver is used to define in situ stress state induced by gravity as well as other loads and
fluxes acting at time instance t = O. The default values for this driver can be applied.

The Time-dependent driver is then used to calculate the evolution of the stress-state, deformation, and
flow. Select ‘Driven Load + Steady state flow'. Initial and final time for the driver have to be inserted
along with the time increment. We will consider :

e Timestart: O

* Time end: |last step

e Timeincrement:1

i File Control Assembly Analysis Results Extras  System configuration Help View Virtual Lab

For example (configuration 2) : T T T T T I
. i MNew Open Save Project Run Contraol ‘ Drrivers ‘ Materials Existence Load Evolution Parametric  Run analysis Wiew log file Restart Run About Virtual Lab
¢ preselectiol pPreprocessor definition  functions functions functions analysis analysis Postprocessor
= Drivers definit X
Drriver Type | Time start | Time end | nnnnnnn t | Multiplier MNonl. solver settings | Dyn. anal. settings | Store restart |
__[Initial State 0.5 1 0.1 Default
Time Dependent | Driven Load + 5t... j 0 [day] |6 [day] |1 [day] |1 Default [
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When data input phase is completed, launch the calculation selecting ‘Analysis > Run Analysis’ from
the main window menu. The calculation module window appears, and the calculation progress can be
followed.

The calculation step

i File Control Assembly Analysis Results Extras  System configuration Help View Virtual Lab

o= = Eval. =l 7 wirk
J =Z d g Gf C&: DE L= EE LE 2 - G &= iy iz L2l i
MNew Open Save Project Run Contral  Drivers Materials Existence Load Evolution Parametric | Run analysis | View log file Restart Run About Virtual Lab
preselection preprocessor definition functions functions fundions analysis analysis Postprocessor =
[ Z_Calc 2024 v24.10 x64 - b4
Folder : C:\Users\mmetral\D ownloads'
Project | Z5 oil-tutarial
Analysis / Drivers Convergence status
Sold Fluid Sold
Global analysis time ~ © 0.00000 o ! TOL_RHS [1.000e-02
. " F WM E d 0 E dE
General driver . Initial State soxl [ TOL_E 1.000e-03
Drriver subclass : |Fl=1.000e+00
IM = 1.000e+00
) - 100 % 1E = 1.000e+00
Computation statistics
Disk space in use 19.418 [ B ] Fluid
Elapsed time 2 5] TOL_RHS |1.000e-04
Mumber of equations J6B5 TOLE 1.000e-03
Monlinear sakver Mewton-F aphson 1@1= 355814
|E |= 0.000e+00
Linear equations solver Skyline
Progress of cumrent driver Stop/Continue iterations
Gravity multiplier:  0.500 v Automaticaly increase MAKIT
llllllllllll [~ Skip to the next step [accept current convergence st
0.000 Iteration 2 1.000 TOL_RHS amplification factor when 50
lll ITER » ABS_MAXIT
o o seamheizp: O 5 Skip to next nonl. sokver | Stop computation |
1] 5 Wiew Logfile | Fostprocessing |
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The postprocessing phase

IMPLEMENTATION OF FINITE ELEMENT MODEL WITH ZSOIL
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When calculation is finished, launch the postprocessor from the main window menu: ‘Results >
Postprocessing'.

The postprocessing phase

i File Control Assembly Analysis Results Extras System configuration Help View Virtual Lab

== =

Mew  Open  Save

P g C& DE L= EE LE i = G & K

Project Rurn Control  Drivers Materials Existence Load Evolution Parametric ~ Run analysis  View log file Restart
preselection preprocessor definition  functions functions  functions analysis analysis

P

Run
Postprocessor

|-g)f'|

About Virtual Lab

From the menu in the high right corner ‘current time’, it is possible to select a time step; then select in
‘graph options’ tab ‘Results > Maps’. The result to be visualized can be selected in the ‘graph tab’ with
‘Settings’. For example, in the window we can select ‘Nodal quantities’ to visualize the displacement,
or ‘Continuum’ to visualize stresses.

Graphical settings can be adjusted here. Once the variable has been selected, it is possible to switch
among the calculation steps using the arrows ‘<’ and >’ in the top right corner. This is very useful to
see the evolution of the variables with time in the overall domain.

To copy the figures from ZSoil to Word: click on ‘Ctrl+C’ in the ZSoil window and ‘Ctrl+V’ in a Word
document.
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Different types of results can be visualized and selected in the ‘Results’ section. This is a non-
exhaustive list of possible representations:

 Deformed mesh

* Fluid velocities

 Maps (stress, displacement, total head, pore pressure, fluid velocities, ...)

 Element and nodal time history

* Results in Beams

The postprocessing phase
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Please note that the results are plotted for the entire model (all materials are included). If you want to
focus on a specific material, select ‘Lists > Elements > Section rule > Material’ and select the material
of interest. On the bottom left, select ‘Reset MIN/MAX to visible results’ = ot

The postprocessing phase

Different material =
Node numbers (=}
Selection X Element numbers E
Wireframe
- o enitided a | Natting | Inverse | Material zones
p e B) M cumentten 14 < [ B) Ml toenmose 4 4] i Domain edaes
T —r = "m \ &l g q = el — - - - Selected elements list Select Ir'derelemer'?i nes E
— = - . o= E
= @ r e ARl -5 O - 3 .
’wm, e e e [ B 51| & BL &~ s a5 | s | e ] mem [ Aspect ratio Y/X 1000000
- : . I il =i | )
e . Aspect ratio Z/X 1.000000
Window [ Goaen Ostion 5 o o — - e e - . - = T ‘ T+ ‘ T_ ‘ ) ‘ pec
ey B xl 25 20 15 O temen £10 5 | 5 1 15 E Settings
L Current selected elements list Averaging For same material
| Do not average if ang...  20.000000
Units kMN-m—deg-day-C
Legend Set parameters
|_Reset TINAMAR o VT 2] I
LRt T g e e
= Local coord. system for
continuum/nodal qua...  Set local coord. system ...
shell/membranes/con... Set dirsction

—| Example of contours plotted
\ for the concrete only
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