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Comparison of Modelling Strategies for Ground Settlements due to Groundwater
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Multi-criteria analysis for comparison of three software packages
LINNEA JOHANSSON
FRIDA ÖGGER
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract
When performing construction projects below the groundwater level, groundwater
leakage into the construction can occur, which can lead to settlements. This Mas-
ter’s thesis aims at comparing three different software packages for calculation of
settlements caused by groundwater drawdown in an aquifer situated below com-
pressible soils. The different software packages used are: a stochastic settlement
model that considers creep effects and parameter uncertainties, the Soft Soil Creep
model available in Plaxis 2D and the Chalmers model with creep available in GS Set-
tlement. To evaluate the appropriateness of them, settlement calculations for both
1D and 2D soil models are performed, together with a multi-criteria analysis (MCA).

The 1D modelling results show that all three approaches exhibit the same elastic-
and elasto-plastic behaviour. For comparison of the creep behaviour between Plaxis
2D and GS Settlement, differences arise due to model formulations. GS Settlement
seems to predict lower creep settlements than Plaxis for stress states around the
preconsolidation pressure. For drawdowns that highly exceed the preconsolidation
pressure, GS Settlement instead predicts higher settlements compared to Plaxis.
The stochastic settlement model does not include creep effects, but the additional
deformation is captured by the parameter uncertainty interval for drawdowns near
the preconsolidation pressure and higher. When comparing 2D effects of consol-
idation, the ability for the stochastic settlement model to capture the additional
settlements predicted by Plaxis 2D is ambiguous.

The results in this thesis highlight the differences between the three software pack-
ages. The MCA shows that the stochastic settlement model has a good capability
in handling spatial uncertainties, but is disadvantageous due to the low level of intu-
ition. Plaxis can handle complex geometries, but the calculation is time demanding.
GS Settlement is more intuitive with lower calculation effort required, but lacks the
ability of performing calculations with complex geometries. The MCA further em-
phasises that the ability to implement the theoretical framework of a groundwater
drawdown together with modelling a drawdown over a large area is considered of
high importance. To make it less subjective, further prerequisites which define the
features of the project is needed. Hence, this comparison can serve as a support for
future projects to achieve a versatile analysis in a structured way.

Keywords: Ground settlements, Groundwater drawdown, Soft clays, Plaxis 2D, GS
Settlement, Analytical modelling, Multi-criteria analysis.
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1
Introduction

1.1 Background

During underground construction projects, there is a risk of leakage of the ground-
water into the construction. If the construction work has to be performed in a dry
environment, the water must be pumped or prevented from leaking in. In areas
with soft soils, this might lead to settlements, which cause damages on structures
and consequently, high costs. The magnitude of a damage depends on the size and
duration of the groundwater drawdown, the geotechnical conditions and the sensi-
tivity of the damaged object (Merisalu et al., 2020). The full process of how risk of
damages arises due to leakage into underground construction is explained by Sundell
et al. (2015). The cause-e�ect chain is presented in Figure 1.1.

Figure 1.1: Cause-e�ect chain from leakage to damage (Sundell, 2018). Adapted
with permission.

To quantify the risks, it is vital to have a well-functioning tool for prediction of settle-
ments caused by changes in groundwater conditions. Today, analytical and numeri-
cal models have been extensively used in both research and by industry professionals
in Sweden to perform settlement calculations due to groundwater drawdown. Mate-
rial models and mathematical programs have been developed continuously but there
is a lack of studies that compare their appropriateness for estimating settlements
due to changes in groundwater conditions. This could potentially meet a need to
further interlink hydrogeological and geotechnical competences. Depending on the
context of the underground construction project, it possesses varying prerequisites.
This entails that di�erent computational alternatives can be better suitable in dif-
ferent projects. To address this problem, a multi-criteria analysis together with a
comparison of settlement prediction between the alternatives can be performed to
obtain a comprehensive and structured comparison of models. This could further
serve as a support in a risk assessment framework not to underestimate the risk and
cause harm to the environment or not overestimate it and take too many precau-
tions. A more precise prediction might reduce material use, which is bene�cial both
from an environmental as well as an economical point of view.
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1. Introduction

1.2 Aims and objectives

The purpose of this Master's thesis is to compare three di�erent computational
tools based on how suitable they are in predicting settlements caused by a ground-
water drawdown in the lower aquifer. This will be achieved partly with a literature
study to clarify the basic theories for how settlements are caused by groundwater
drawdowns, partly with a multi-criteria analysis for a structured comparison of the
performance of computational tools available. The �rst software package that is
studied and practised is a statistical settlement model, which considers parameter
uncertainties. It is part of a risk assessment framework developed by Sundell et al.
(2019a) and has been supplemented with a creep model by Wikby and Andersson
(2020). The next two software packages are Plaxis 2D with the Soft Soil Creep
model and GS Settlement with the Chalmers with Creep model. The analysis will
be achieved by setting up representative and comparable soil models inspired by the
site characteristics of the Haga passage, which is a part of the West Link project in
Gothenburg.

1.3 Limitations

The study is limited to examine the e�ect of pressure change in a lower groundwater
aquifer situated below a layer of compressible soils. Furthermore, settlement is only
examined for cohesive soils in the form of clay. The deformation in the �ll and
frictional soil layers situated above and below the cohesive clay soils will in this
case be considered negligible. The study covers the entire settlement process; both
consolidation and creep to best represent reality. A delimitation is made to evaluate
normal to slightly overconsolidated clays, which is typical for clays at the Swedish
west coast. The study will use a set of prede�ned drawdowns in the lower aquifer and
implement them in the three computational alternatives for settlement prediction.
Hence it is limited to not predict the magnitude of the drawdowns. Lastly, the
whole cause-e�ect chain is not considered - it only covers the parts that processes
'reduction of groundwater levels' to 'soil subsidence', shown in Figure 1.1.

1.4 Research questions

The following research questions are to be answered in this thesis:

ˆ How does the pore pressure pro�le in the clay change when the groundwater
pressure head is lowered in the lower aquifer?

ˆ What is required to perform modelling of groundwater induced subsidence in
the stochastic settlement model, Plaxis 2D and GS Settlement?

ˆ How do the stochastic settlement model, Plaxis 2D and GS Settlement perform
when modelling coupled hydrogeological and geotechnical problems and how
does their appropriateness di�er depending on the scenario observed?

2



2
Theoretical background

2.1 Groundwater conditions

Groundwater �lls up voids in underground permeable materials. The upper bound
of the groundwater zone is referred to as the water table (Winter et al., 1999), and
can be detected at di�erent levels depending on con�ned or uncon�ned conditions
(SGU, 2019). An uncon�ned groundwater aquifer is in direct contact with the
atmospheric pressure while con�ned conditions implies that the water zone is fully
saturated and overlaid by a low permeable soil layer, such as clay, called aquitard
(Carlsson & Gustafsson, 1984). The aquitard enables the con�ned aquifer to have a
pressure level above its upper boundary. This level is referred to as pressure head.
A conceptual model that shows a soil section with the upper and lower aquifers is
presented in Figure 2.1.

Figure 2.1: Schematic model of a soil pro�le illustrating the upper and lower
aquifer.

The �ow of groundwater is complex due to heterogeneity of the soil structure. The
rate of �ow is governed by the type of soil and its hydraulic conductivity together
with the di�erence in pressure head, known as the hydraulic gradient. This phe-
nomenon can be explained by Darcy's law, where the rate of water �ow through a

3



2. Theoretical background

known medium is proportional to the di�erence in height of the water and inversely
proportional to the length of the �ow path (Fetter, 2014).

2.2 Stresses in soils

A soil structure can be interpreted as a skeleton made up of solid particles that
surrounds continuous voids �lled with water and/or air. The volume of the soil
can change because of rearrangement of the soil particles, which will lead to trans-
mission of stresses between the particles. For fully saturated soils the stresses can
be explained by the principle of e�ective stress which was introduced primarily by
Terzaghi (1923). It provides a relationship by three di�erent stresses; total normal
stress� acting on a plane, pore pressureu that �lls up the voids and e�ective normal
stress� 0 which is the stress that represent the interparticle forces. The relationship
is � 0 = � � u (Knappett & Craig, 2012).

2.3 Consolidation and creep

The process of when a fully saturated soil with low permeability undergoes a change
in volume because of change in e�ective stress is called consolidation. There are
a plethora of studies and literature describing the way in which soft soils behave
during compression and consolidation and how it can be modelled. One of many
theories is the one provided by Terzaghi that encompasses a one-dimensional con-
solidation process (Olsson, 2010), and is explained in more detail by for instance
Knappett and Craig (2012) and Sällfors (2013).

Consolidation occurs due to increase in e�ective stress and generation of excess pore
pressure of the same magnitude as the applied load. This generation of excess pore
pressure can for example be caused by a reduction of the pressure head. Over time,
di�erence in excess pore water between di�erent pressure zones will cause a �ow of
pore water in order to approach equilibrium. Subsequently, the soil will experience
a compression. The compression behaviour of a soil is strongly linked to its stress
history. If the present e�ective stress in a soil is the largest that the soil has experi-
enced, it is said to be normally consolidated. An overconsolidated soil, on the other
hand, has been exposed to higher stresses in the past. The term overconsolidation
ratio (OCR) is used to classify whether a soil is normally consolidated or over con-
solidated. It is expressed as the ratio between the maximum stress that the soil has
been subjected to, known as the preconsolidation pressure, and the current stress
state (Knappett & Craig, 2012).

After the dissipation of the excess pore pressure there is still a possibility for the
soil to deform but at a slower pace, referred to as secondary compression or creep
(Sällfors, 2013). While primary consolidation is controlled by the dissipation of ex-
cess pore pressure and Darcy's law, secondary compression or creep is instead con-
trolled by soil viscosity (Leroueil, 2006). It is de�ned as a time dependent decrease
in volume during a constant stress. According to Larsson (2008) the separation
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of primary and secondary could be considered as imaginary, since the secondary
compression is present during primary compression as well. If the current stress
state constitutes 80 percent of the preconsolidation pressure, there is reason to con-
sider creep (Larsson, 1986). Creep is generally characterized by the slope of the
primary consolidation curve when plotting strain over time and the most common
form of it is expressed in terms of strain or void ratio (Olsson, 2010). The creep can
be described by various parameters depending on the constitutive model, further
explained in Section 2.5.

2.4 In�uence of groundwater drawdown

Variations of pressure heads in the upper and lower aquifers can depend on several
factors, for instance disturbance of the water balance due to man made interventions
such as hardened surfaces, drainage or arti�cial in�ltration (Berntson, 1983). Con-
trol of groundwater can be achieved through either techniques that aims at prevent
groundwater from entering excavations, for instance a cuto� wall or barrier, referred
to as exclusion, or techniques that monitors groundwater by pumping from a well,
referred to asdewatering (Cashman et al., 2012). Exclusion methods are mostly
used instead of dewatering in urban areas, to reduce risk of settlements. However,
the idea of having a perfectly impermeable cuto� barrier is di�cult to achieve and
hence, one needs to assume that some water will leak into the excavation, causing
pressure levels to be lowered in the surrounding area.

When the water is extracted from a con�ned aquifer it will result in a reduction in
pressure head which extends radially (Thiem, 1906). Regardless if the well consti-
tutes a physical well as in dewatering, or an excavation as in the case of exclusion
(when water leaks), the water table adjacent to the well will appear as a downward
cone known as the cone of depression. How much the surrounding clay will be af-
fected depends on the magnitude of drawdown in the con�ned aquifer as well as the
properties of the clay materials (Carlsson & Gustafsson, 1984). Therefore, when the
con�ned aquifer is subjected to a pressure decrease, it will generate various degrees
of drawdown. The area that will experience a decrease in pressure head is also re-
ferred to as the in�uence area.

Reduction in pressure head will cause an immediate compression in the aquifer ma-
terial while in clay, the deviation from the stable hydrostatic pressure will give a
downward �ow in the clay layer over time. Carlsson and Gustafsson (1984) explains
this as leaking which can happen due to a drawdown of the pressure head in a con-
�ned aquifer. The aquitard will continue to drain until equilibrium, i.e. hydrostatic
pressure, is reached. Since clays compress at a slower pace than coarse grained ma-
terials it will cause delayed compression (Cashman et al., 2012). If the thickness of
the clay is relatively large it can take up to decades until this process is completed
(Broms et al., 1976). Berntson (1983) conducted several tests on west swedish clays
and found that for a 10 meter clay subjected to a pressure increase- or decrease of
15 kPa in the lower boundaries, it could show evidence of the pressure e�ecting the
whole pro�le after a time period of 3 months. If the same pressure decrease was
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performed for a 20 meter thick clay, in the same time period some parts of the pore
pressure will remain una�ected. Based on studies made by Blomén (2017) on several
measurements, a typical soil pro�le can be assumed to have a 5 meter thick upper
part where the pore pressure is not a�ected by drawdown in the lower aquifer.

2.5 Constitutive models

In analysing of soil behaviour there is a need for a constitutive model that links the
states of stress and strain (Runesson, 2006). In the following section, the constitutive
models used in this thesis are presented.

2.5.1 Soft Soil and Soft Soil Creep model

The Soft Soil Creep (SSC) model is a material model available in the Plaxis �nite
element software. Its outline is a further extension of the Soft Soil model which in
turn is based on slightly similar principles as the Modi�ed Cam Clay model, further
explained in the Plaxis (2019) manual, since it treats primary loading and unload-
ing/reloading di�erently. The distinction is made using a cap in the shape of an
ellipsoid in the stress space. The cap represents the limit stress state that di�eren-
tiates between unloading/reloading and primary loading. This boundary originally
depends on the preconsolidation stress, but for the SSC model it is also time depen-
dent (Waterman & Broere, 2004). Its full mathematical background can be found
in the manuals provided by Plaxis (2019).

One of the apparent modi�cations made in the SSC model is the decoupling ofM �

from the failure line. M � does not relate to any kind of the critical state which
formerly was the case of the Modi�ed Cam Clay model. Instead it relates to the
coe�cient of lateral earth pressure at rest for normally consolidated soils,K nc

0 . M �

is then determined automatically by Plaxis onceK nc
0 is entered if the friction an-

gle is known. The modi�cations of the yield surface leads to the failure condition
having to be imposed separately with a Mohr-Coulomb failure criterion (Amavasai
& Karstunen, 2017). Therefore, it is also possible to assign an e�ective cohesion
intercept and a friction angle, Plaxis manual (2019) recommends the critical state
friction angle. To avoid traction, tension cut-o� is implemented.

The di�erent modes of loading in the SSC model is explained by the modi�ed com-
pression index� � and modi�ed swelling index� � which is determined in a semi-log
scale. It can be linked to the compression and swelling indexesCc and Cs as ex-
plained by Amavasai and Karstunen (2017). Olsson (2010) brings up another ap-
proach for evaluation of� � and � � , where they instead are related to the oedometer
modulus M 0 and M L by the following expressions:

� � =
1:1 � � 0

vc

M L
(2.1)

� � �
2 � � 0

v

M 0
(2.2)
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Figure 2.2: De�nition of the compression and swelling index� � and � � (Amavasai
& Karstunen, 2017). Reprinted with permission.

Figure 2.3: De�nition of the creep index � � (Amavasai & Karstunen, 2017).
Reprinted with permission.

The creep part of the model is explained by the creep index,� � and creep is as-
sumed in both the normally consolidated region as well as the overconsolidated
region (Amavasai & Karstunen, 2017). The parameter� � can be related to the
one-dimensional creep indexC� (Plaxis, 2019) which can be determined empirically
if water content is known by using values from Larsson (1997). Then it can be
estimated by the following relationship proposed by Olsson (2010):

� � =
� s

2:3
(2.3)
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Table 2.1: Basic parameters of the Soft Soil Creep model (Plaxis, 2019).

Parameter Description Unit
� � Modi�ed compression index -
� � Modi�ed swelling index -

c0
ref E�ective cohesion kN/m 2

� 0 Friction angle �

 Dilatancy angle �

� t Tensile strength kN/m 2

� 0
ur Poisson's ratio for unloading and reloading -

K nc
0 Coe�cient of lateral earth pressure -

for normally consolidated soils
M Shape parameter dependent onK nc

0 -

2.5.2 Chalmers model with and without creep

The Chalmers model is used for settlement calculation of �ne grained soils such as
clay and silt (Novapoint, 2021b). The model is implemented in GS Settlement, and
can be applied both with and without creep.

Alén (1998) developed a model which is based on the hypothesis that the time
dependent deformation in clay can be described by the three di�erent phenomena:
consolidation, elastic/plastic deformation and creep deformation. The consolidation
process is dependent of the permeabilityk of the soil, the elastic/plastic deformation
is governed by the compression modulusM and the creep deformation depends on
the creep parameterr . The model of Alén was further developed by Claesson (2003),
who improved the compression modules and the creep number. The improvement
makes the calculation result less sensitive to small variations in the applied load
for values close to the preconsolidation, shown in Figure 2.4. The parametersa0

and a1 are set to 0.9 and 1.1 respectively when modelling IL oedometer tests, and
0.8 and 1.0 respectively when calculating settlements for full-scale conditions, since
the strain rates during primary consolidation are higher for IL oedometer tests than
for thick soil layers in �eld (Claesson, 2003).M 0 and M L can either be evaluated
through a conventional oedometer test or through empiricism as explained by Olsson
(2010).

8



2. Theoretical background

Figure 2.4: Swedish practice of modulus curve and the improved curve proposed
by Claesson (2003). Reprinted with permission.

Claesson (2003) refers to the creep parameterr as the time resistance numberr s,
de�ned as the inverse of� s. The parametersr0 and r1 are shown in Figure 2.5 with
the correspondingb0 and b1 values. b0 is evaluated from the relationship between
the in-situ stress and the preconsolidation pressure, which is the inverse of OCR,
leading to b0 < 1. The parameterb1 is relevant for describing the creep behaviour
when modelling both IL and full-scale conditions (Claesson, 2003). The creep resis-
tance is generally very large in the overconsolidated range and falls markedly when
the e�ective stress reaches the preconsolidation pressure. After the preconsolida-
tion pressure is reached, the creep resistance increases almost insigni�cantly (Havel,
2004).

Figure 2.5: The time resistance number model (Claesson, 2003). Reprinted with
permission.

The permeability parameters in the Chalmers model iskinit and � k where, according
to Larsson et al. (1997),kinit is the initial (natural) permeability and � k is the
coe�cient of change in permeability with compression. All parameters used in the
Chalmers model without creep (Novapoint, 2021b) are presented in Table 2.2 below.
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The same parameters are used for the Chalmers model with creep, in addition to
the parameters in Table 2.3.

Table 2.2: Parameters of the Chalmers model without creep (Novapoint, 2021b).

Parameter Description Unit
Soil weight Total unit weight of soil kN/m 2

M 0 Oedometer modulus for stresses belowa0� 0
c kN/m 2

M L Oedometer modulus at stresses betweena1� 0
c and � 0

L kN/m 2

m0 Modulus number at stress levels above� 0
L -

a0 Factor < 1 -
a1 Factor > 1 -
� 0

c Preconsolidation stress kN/m 2

� 0
L Above � 0

L the modulus increases with increasing stresskN/m 2

kinit Permeability at initial conditions prior to loading kN/m 2

� k Permeability reduction coe�cient -

Table 2.3: Additional parameters for the Chalmers model with creep (Novapoint,
2021b).

Parameter Description Unit
t ref Reference time; often 1 day years
b0 Factor < 1 -
b1 Factor > 1 -
r0 Time resistance atb0� 0

c -
r1 Time resistance atb1� 0

c -

2.5.3 Analytical model with a probabilistic assessment of
uncertainties

The stochastic settlement model implemented as a code in the Matlab software is
an analytical way of predicting settlement. It is part of a framework developed in
a study by Sundell et al. (2019a) and further explained by Sundell et al. (2019b).
The framework serves as a tool for evaluating and quantifying risks related to settle-
ment from groundwater drawdown and comprises partly of a stochastic settlement
model. The outcome of the study provided a probabilistic assessment of subsidence
prediction with a spatial distribution. This was achieved through a Monte Carlo
analysis, which is a method that involves random numbers in a calculation that has
the structure of a stochastic process (Hammersley & Handscomb, 1964). Within
geotechnics, the stochastic input parameters could be e.g. compression modules
and creep parameters, which are simulated in order to obtain numerous scenarios of
ground settlement.

The model implemented by Sundell et al. (2019a) and (2019b) is elasto-plastic and
as a further development, Andersson and Wikby (2020) supplemented the model
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to also consider long-term settlements by incorporating creep e�ects. The code
developed by Andersson and Wikby (2020) assumes drainage at both boundaries,
which can be considered unrepresentative in the case of a pressure decrease in the
lower aquifer. To better describe the consolidation process, Xie et al. (2012) took
into account one-sided drainage which only allowed the water to drain at the lower
boundary.

The settlement prediction in the code is accomplished by using the Embankco model
as a frame model implented in the programming tool Matlab. Embankco is a �nite
di�erence computer program for long term settlements in soft soil. It was devel-
oped by Université Laval and Swedish Geotechnical Institute, in commission of the
Swedish National Road Administration (Larsson, 1986). The main purpose was to
provide a calculation program for settlements in �ne grained soils due to additional
loading from embankments (Larsson et al., 1997). The time dependent consolidation
process in Embankco is built upon the classical theory of consolidation explained by
Larsson and Sällfors (1986). It has a with further re-adjustment of the pore pressure
caused by the e�ects of creep (Alén, 1998).

To further reduce the uncertainties, a statistical analysis is made that determines
which parameters that reveals a strong vertical trend towards depth and param-
eter dependency. The methodology used for determination of dependency among
parameters is further described by Sundell et. al (2019b) and in Section 3.2.1.
The parameters used are described in Table 2.4. Compressibility parameters can
be obtained from oedometer tests according to Swedish standards or approximated
through empirical relationships (Larsson et al., 1997). Creep parameters can either
be evaluated from IL oedometer tests, or empirically based on the speci�c soil type
and natural water content wn .

Table 2.4: Parameters for the analytical model with a probabilistic assessment of
parameters (Larsson et al., 1997).

Parameter Description Unit
Soil weight Total unit weight of soil kN/m 2

M 0 Oedometer modulus for stresses below� 0
c kN/m 2

M L Oedometer modulus at stresses between� 0
c and � 0

L kN/m 2

m0 Modulus number at stress levels above� 0
L -

� 0
c Preconsolidation stress kN/m 2

� 0
L Above � 0

L the modulus increases with increasing stresskN/m 2

wn Water content -
kinit Permeability at initial conditions prior to loading kN/m 2

� k Permeability reduction coe�cient -
� s(max ) Creep index at the apparent preconsolidation pressure -

� � s Change in coe�cient of secondary compression -
in normally consolidated settings with compression
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2.6 Computational tools

The following subchapters describes the three di�erent computational tools, used in
this thesis, that are available for modelling.

2.6.1 Stochastic settlement model

The stochastic settlement model is implemented in the programming software Mat-
lab. Its outline is described in Section 2.5.3.

2.6.2 Plaxis 2D

Plaxis is a software for �nite element analysis of deformations, stability and ground-
water �ow in geotechnical engineering (Plaxis, 2019). It uses numerical methods,
which are highly suitable for solving complex geotechnical problems by using mathe-
matical models to describe the behaviour of the soil. It is, however, often problematic
to obtain a direct solution to the models and therefore the �nite element method
(FEM) can be used to approximate a solution. The main idea behind FEM is the di-
vision of a continuum into elements delimited by nodes. Each node can have various
degrees of freedom that relates to discrete values of the unknowns in the boundary
value problem to be solved.

The software has di�erent packages and the one used for this thesis is Plaxis 2D
(Plaxis, 2020). For simplicity, Plaxis 2D will be further referred to as Plaxis in
this thesis. When modelling the soil behaviour, a constitutive model should be
determined, i.e. Soft Soil or Soft Soil Creep, which are described in Section 2.5.1.
The model can be divided into di�erent soil layers with varying input parameter
data and �ow conditions. Pressure levels can be assigned for the whole model or
for the di�erent soil layers. Regarding the �nite element mesh, di�erent sizes of the
mesh can be implemented when modelling, and it can be chosen between 6-node or
15-node triangular elements. The 6-node triangle gives a second order interpolation
for displacements, whether 15 nodes provides a fourth order interpolation. When a
node becomes active, an initial displacement is estimated through a stressless pre-
deformation of the recently activated element so that it �ts the deformed mesh from
the previous step (Plaxis, 2020). The results of the �nal structure can be shown in a
�gure of the model or in charts as e.g. total displacements and excess pore pressure.

2.6.3 GS Settlement

GS Settlement (in this thesis further referred to as GS) is an application in the
GeoSuite Toolbox that is used for time-dependent settlement calculation. The pro-
gram is based on the general �nite element program GEOnac (Olsson, 2010) and
it assumes one-dimensional settlement calculations with uniaxial stress and vertical
pore water �ow. However, a calculation can consist of more than one calculation
point, with di�erent x and y coordinates, and can then be assumed as lightweight
'pseudo 3D' (Novapoint, 2021a).
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Constitutive models used for the clay are Chalmers without creep and Chalmers with
creep, described in Section 2.5.2. In the program di�erent soil layers with varying
soil parameters can be inserted. The pressure level is by default at the ground
surface and the pore pressure is hydrostatic. This can be changed manually over
time by adding new times with other pore pressures. Furthermore di�erent boundary
conditions can be assigned for the boundaries between the soil layers (Novapoint,
2021a). On a stress chart tab sheet the stress changes over depth can be shown
before calculating. A max time period should be determined for the calculation,
and di�erent times and depths can be added as well. The results are shown as
graphs where e.g. excess pore pressure and displacements over time or depth can
be chosen, and can also be exported to text �les for further analyses.

2.7 Multi-criteria analysis

Multi-criteria analysis (MCA) is a tool that describes di�erent objectives in a deci-
sion making process and compares the adequacy of the outcomes according to several
parameters (Dodgson, Spackman, Pearman, & Phillips, 2009). This means that dif-
ferent criteria in models or methods can be evaluated according to how well they
represent reality. When performing an MCA, the objectives must �rst be identi�ed.
The next step is to identify alternatives that may make the objectives achievable.
Once the alternatives are de�ned, it should be determined how to compare their
propriety of attaining the objectives. In this step the criteria, which must be mea-
surable and serve as performance measures, are de�ned. Thereafter the alternatives
are analysed with a chosen MCA-technique, e.g. scoring and weighting stages. In
scoring, the expected consequences of each alternative gets a certain score for its
suitability for the di�erent criteria stated. The scoring can be done according to
a global scale, where it is prede�ned what the high or low score implies. Another
method is the use of a local scale, where the alternatives are scored relative to each
other by identifying the best performing option and the worst performing option.
Weighting de�nes the relative valuations for each criterion, between the top and the
bottom of the scale. A total rate over all the alternatives is stated and the conclusion
of which alternative that should be chosen can be made.

13



2. Theoretical background

14



3
Method

In the following chapter, the method of this thesis is described in detail. Firstly,
the problem was de�ned and thereafter a literature study was performed to acquire
information about the subject. The case study of Haga passage in Gothenburg was
chosen, with site description and data analysis presented in Section 3.1. Investiga-
tion of the stochastic settlement model, Plaxis and GS was performed and thereafter
the modelling process started, further explained in Section 3.2. In parallel with the
modelling process, the multi-criteria analysis was performed. The MCA process
is described in Section 3.3. A �ow chart over the method is presented in Figure
3.1 below, where grey boxes relates to the MCA and white boxes to the modelling
process.

Figure 3.1: Methodology �ow chart.

3.1 Case study

To make it possible to carry through the comparison between the di�erent compu-
tational alternatives, data retrieved from the surroundings of the Haga passage in
the West Link project, has been used. The data has been provided by The Swedish
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Transport Administration. Currently, the project is in the construction phase and
will consist of an eight kilometers long railway line, of which six kilometers are in
tunnel (Swedish Transport Administration, 2018). It should be emphasised that the
case study is based on hypothetical scenarios for groundwater drawdown.

In the surrounding area of Haga passage, the topography is varying with a soil
stratigraphy consisting of �ll, clay, friction material and bedrock. The surface layers
over the area are shown in Figure 3.2 where yellow parts imply clay, orange parts
imply friction material and red parts imply outcropped bedrock.

Figure 3.2: Soil type map over the Haga area in Gothenburg, Copyright SGU
(2021).

In the northern part of the area, the �ll di�ers between thin layers under areas of
vegetation and thicker layers of about 6 to 7 meters where the canal Vallgraven used
to be before it was moved. Along some streets in Haga and Vasa the �ll under the
hardened surfaces consists mainly of gravel with fragments of bricks and is generally
1 to 2 meters thick. The soil layer can be up to 60 meters in the northern part of the
area, but generally decreases to the south, with a thickness of 2 to 4 meters by the
church of Haga. Moreover, segments of outcropping bedrock exist in the southern
part. Since there is a large variability in the soil thickness three di�erent soil sections
will be used in this thesis, further explained in Section 3.2. Under the clay layer
a frictional soil layer of generally 0.5 to 2 meters is present and consists mainly of
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sand and gravel, followed by bedrock (Högsta & Sanell, 2014). The section chosen
for the Haga area is shown in Figure 3.3.

Figure 3.3: Map over the Haga area with the chosen section. Copyright Google
Earth (2021).

The clay has a density that increases with the depth. The density in the top clay
has a value of approximately 1.6 t/m3 and remains constant downwards to a level of
21 meter below ground surface. Further down it increases linearly with depth and
reaches a density of 1.9 t/m3 40 meters below ground surface. Regarding the stress
history of the soil, it is slightly over-consolidated as many clays in the Gothenburg
region. When it comes to the hydrogeological characteristics of the site, the main
focus in the case study is put on the properties of the clay. CRS tests have been
executed on the clay in the surrounding area of the Haga passage. Based on these
tests performed at di�erent depths, the hydraulic conductivity is estimated to range
between3 � 10� 10 m/s to 8 � 10� 10 m/s. For the pressure levels, both the upper and
lower aquifer shows a consistent gradient from south towards north, which coincides
with the slope of the ground surface.

3.2 Model setup

As mentioned in Section 3.1, data from Haga passage provided by the Swedish Trans-
port Administration was used for the modelling. The soil properties were evaluated
from CRS tests and Incremental Loading oedometer tests. It was vital that regard-
less of computational method, the soil properties remain the same and that they are
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comparable to each other.

Three di�erent characteristic sections were established. The upper soil pro�le con-
sists of a 2 meter thick �lling layer serving as the upper groundwater aquifer followed
by a clay layer of varying thickness. In the bottom, there is frictional soil that serves
as the lower aquifer. The thickness of the clay layers varies in the three di�erent
sections with 5, 10 and 15 meters. Initial pressure levels have been set equal to the
top of the clay layer for both upper and lower aquifer. The initial pore pressure has
an hydrostatic increase with depth. For the Plaxis and GS models, it was possible
to assign an upper zone that was assumed una�ected by the pressure decrease in
the lower aquifer, as explained in Section 2.4. The magnitude of this zone was set
to 5 meters for the pro�les with 10 and 15 meters of clay, while for the 5 meter
model this zone was assumed to make up for one third of the clay layer, i.e. down
to a depth of 3.67 meters. The deviation from the assumption of a 5 meter upper
aquifer in the 5 meter model had to be made in order to achieve a change in pore
pressure in the clay. Otherwise, it would have been completely drained.

The calculation time was set to 30 years since the excess pore pressure requires time
to consolidate. The pressure decrease was assumed to be permanent. To better
understand how the stress state appears for the sections, stress charts is shown in
Figure 3.4. The stress charts are a result of the assumed pressure levels together
with the expected una�ected upper zone.

Figure 3.4: Stress chart for 5, 10 and 15 m section with di�erent drawdown sce-
narios.

To realise the comparison of the three computational tools, the following calcula-
tions were made:

1D modelling

ˆ Analysis of water�ow theoretical frameworks
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ˆ Analysis of the elasto-plastic behaviour

ˆ Generation and dissipation of excess pore pressure over time

ˆ Generation and dissipation of excess pore pressure with varying drawdowns

ˆ Ground settlements with varying drawdowns

ˆ Ground settlements with varying clay layer thickness

ˆ In�uence of upper undisturbed zone

2D modelling

ˆ Ground settlement prediction

ˆ Generation and dissipation of excess pore pressure

3.2.1 Stochastic settlement model

For the subsidence prediction in the stochastic settlement model both one-dimensional
(1D) and two-dimensional (2D) cases have been simulated, presented below.

1D model setup in the stochastic settlement model

The geometry in the stochastic settlement model was determined by setting up an
input �le with the required data. This included the ground level elevation, elevation
of top of clay, thickness of �ll and clay, location of the pressure level for lower aquifer
(hinit ) as well as location for upper aquifer. The pressure level for the lower aquifer
after a decrease in pressure is referred to ashnew . The selected geometry for the
three di�erent sections are shown in Table 3.1.

Table 3.1: Input parameters describing the soil stratigraphy for the characteristic
sections in the 1D case.

Clay Ground Clay top Fill hinit Initial hnew hnew hnew

thick- level elevation thick- [m] gw1-level 5kPa 20kPa 50kPa
ness elevation [m] ness of upper [m] [m] [m]
[m] [m] [m] aquifer [m]
5 0 � 2 2 � 2 � 2 � 2:5 � 4 � 7
10 0 � 2 2 � 2 � 2 � 2:5 � 4 � 7
15 0 � 2 2 � 2 � 2 � 2:5 � 4 � 7
1 Abbreviation for groundwater.

The soil parameters were determined based on statistical analysis from data retrieved
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from the Swedish Transport Administration, shown in Table 3.2. The outcome of
the analysis were the regression variablesa and b that are used to describe the
function of each soil property. In addition, the mean� and standard deviation�
were determined. TheR2 value is determined by regression in Excel. For values of
R2 < 0:05there is no vertical trend, and the regression parameters are not taken into
account. Dependencies and homoscedastic errors are considered by using ln(OCR-
1), ln(�

0

L =� 0
c � 1), log10(ki ) and ln(� ). Although � 0

L and M L reveal a strong linear
dependency, they were assumed to be independent in order to not allow the modulus
M 0 to �uctuate and instead take a value that matches well with the Plaxis and GS
models.

Table 3.2: Soil parameters used in the simulation.

Parameters a b � � R 2

ln(OCR-1) � 0:044 � 0:928 0.081 0.776 0.274
ln(� ) 0.004 0.440 � 0:007 0.027 0.699

log10(ki ) - - � 9:138 0.284 0.054
� k - - 4.136 0.351 -

ln(wN ) � 0:0124 4.3643 0 0.1168 0.613
� s(max ) - - 0.0166 0.0044 0.0036

� � s =� s(max ) - - 0.4326 0.1378 0.049
ln(( � 0

L =� 0
c) � 1) � 0:009 � 0:661 0.018 0.374 0.078

ln(M L ) 0.0304 6.379 0 0 0.5848
ln((M 0=ML ) � 1) � 0:010 2.077 0.019 0.361 0.092

ln(M 0) 0.0099 2.3545 0 0.124 0.419

In order to study the elastic region of the model, the OCR was increased to 3 and
the standard deviations were set equal to zero. The rest of the code remained un-
changed. Creep was excluded by setting the standard deviations to zero and the
creep parameters equal to zero.

2D model setup in the stochastic settlement model

For analysis of the 2D case, the stochastic settlement model was simulated for a
list of points corresponding to the chosen cross section in the area of Haga, shown
in Figure 3.3. The consolidation behaviour is still 1D, but the alignment of points
allows it to be considered as 'pseudo-2D'. The points corresponds to locations with
di�erent clay depths. More speci�c, the thickness of clay ranged from 24 meter
to approximately 3 meter and had the same setup as the 2D model analysed in
Plaxis for the interfaces between the clay and the friction or �ll material. The soil
parameters were set as the same as for the 1D model shown in Table 3.2. The
selected geometry is shown in Table 3.3.
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Table 3.3: Input parameters describing the soil stratigraphy for three characteristic
sections in the 2D case.

x1 Clay Ground Clay top Thick- hinit Initial ground- hnew

[m] thick- level elev- elevation ness of [m] water level of [m]
ness [m] ation [m] [m] �ll [m] upper aquifer [m]

340 24.8 4.7 3.2 1.6 3.3 3.5 1.3
350 23.6 4.8 3.2 1.6 3.4 3.8 1.4
360 21.1 4.8 3.3 1.6 3.6 3.9 1.6
370 18.5 5 3.3 1.7 3.8 4.1 1.8

375.3 15.8 5 3.5 1.6 3.8 4.3 1.8
385.1 10.3 5.3 3.9 1.4 4.0 4.5 2
390 8.3 5.6 4.3 1.3 4.1 4.6 2.1
400 6.7 6 4.8 1.2 4.4 4.8 2.4
410 2.6 6.7 6.1 0.6 4.8 5.2 2.8

1 Distance along the x-axis according to Figure 3.3

3.2.2 Plaxis model

For the modelling in Plaxis, both 1D and 2D cases have been simulated. The 1D
scenarios were performed in order to make the results comparable with the 1D mod-
elling in the stochastic settlement model and with GS.

1D model setup in Plaxis

Firstly, a one-dimensional model was considered, with no e�ects of varying stratig-
raphy taken into account. Therefore it was simpli�ed to a soil pillar with a width
of one meter. The constitutive model was set to SSC, in order to take into account
creep e�ects. In the model setup it was assumed to be a 15 noded elements model
and the mesh was set tovery �ne. The three models and their soil layers are shown
in Figure 3.5. An upper zone una�ected by the pore pressure decrease in the lower
aquifer was created, as explained in Section 3.2. For the 10 meter and 15 meter mod-
els this upper zone consists of the �rst 5 meters from the ground surface, whereas
for the 5 meter model the zone was chosen to be one third of the clay layer. The
input soil parameters for each soil layer have been evaluated from data provided by
the Swedish Transport Administration and are presented in Table 3.4 and Table 3.5.
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Figure 3.5: 1D models used in Plaxis.

Table 3.4: Clay 1, Soft Soil Creep model.

Parameter Value Unit

 sat 16 kN/m 3


 unsat 16 kN/m 3

� � 0.00571 -
k 7:3 � 10� 5 m/day
� � 0.068 -
� � 0.017 -

c0
ref 2.2 kN/m 2

� 0 30 �

 0 �

� 0
ur 0.15 -

K nc
0 0.5 -

M 1.60 -
OCR 1.35 -
einit 1.15 -

22



3. Method

Table 3.5: Clay 2, Soft Soil Creep model.

Parameter Value Unit

 sat 16 kN/m 3


 unsat 16 kN/m 3

� � 0.104 -
� � 0.024 -
� � 0.00571 -
k 7:1 � 10� 5 m/day

c0
ref 2.7 kN/m 2

� 0 30 �

 0 �

� 0
ur 0.15 -

K nc
0 0.5 -

M 1.61 -
OCR 1.25 -
einit 1.15 -

During the modelling stage, the consolidation analysis type was selected in order to
consider excess pore pressure dissipation which leads to consolidation settlements.
The two aquifer layers (�ll for the upper aquifer and friction soil for lower aquifer)
were assigned two di�erent pressure levels, where the initial levels coincided with
each other at a level of -2 meters (on top of the clay layer). As stated in Section
3.2, the upper part of the pro�le was assumed to not being a�ected by the draw-
down. This was achieved by assigning the upper part of the soil with the water
level corresponding to the upper aquifer. The drawdown of the lower aquifer was
accomplished by creating a new water level at a desired depth and simply assigning
it to the friction soil. This was done in a new construction stage with the analysis
type consolidation and a given time period, as shown in Table 3.6. The time period
was set as the following:

ˆ 7 days for a 5 kPa pressure decrease

ˆ 20 days for a 20 kPa pressure decrease

ˆ 2 months (60 days) for a 50 kPa pressure decrease

In the subsequent construction stage, the new condition was left to consolidate
during a time period of 30 years (10950 days). While deformation occurs due to
drawdown, there is also creep going on meanwhile, that needs to be subtracted from
the drawdown settlements. Therefore, a phase of background creep was created in
order to reduce the too high settlements. Complete presentation of all the analyses
with their related construction stages is shown in Table 3.6. The groundwater �ow
boundary conditions were set as closed in the vertical boundary (x direction) and
open in the horizontal boundaries (y direction), in order to force a vertical �ow of
water.
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Table 3.6: Calculation phases for 1D analysis in PLAXIS 2D.

Analysis type Phase Duration [days] Starts from phase
K0 - procedure Initial phase - -
Consolidation Background creep 10950 Initial Phase
Consolidation 0.5 m drawdown 7 Initial phase
Consolidation Consolidation 10950 0.5 m drawdown
Consolidation 2 m drawdown 20 Initial phase
Consolidation Consolidation 10950 2 m drawdown
Consolidation 5 m drawdown 60 Initial phase
Consolidation Consolidation 10950 5 m drawdown

In order to study the elastic region of the model, the soil model was simpli�ed to a
Linear-Elastic model. Young's modulusE was obtained from the oedometer modu-
lus M 0 and Poisson's ratio� and given a value of 3715 kPa according to a conversion
equation provided by Knappett and Craig (2012).

2D model setup in Plaxis

Unlike the 1D modelling cases, the 2D case had a varying stratigraphy which enables
the pore water to �ow in both vertical and horizontal directions. The 2D modelling
in Plaxis was modelled without creep, to make it comparable with the stochastic
settlement model.

The model is based on the chosen section in Haga, shown in Figure 3.3. The stratig-
raphy was provided by the Swedish Transport Administration and imported to
Plaxis. The stratigraphy of �ll, soil layers, friction layer and rock have been as-
signed to the model, as shown in Figure 3.6. A close up of a cutout is presented in
Figure 3.7. As for the 1D cases, an upper zone which is not a�ected by the pressure
drop in the lower aquifer is modelled, here set to around 5 meters. It should be
noted that the thickness of the upper zone will vary in the 2D analysis, due to the
variation of the ground surface.

Figure 3.6: Soil stratigraphy of the chosen section in Haga.

24



3. Method

Figure 3.7: Close-up of the soil stratigraphy of the chosen section in Haga.

For Clay 1 and Clay 2 the same soil parameters have been used as in the 1D case
(see Table 3.4 and Table 3.5), except that the creep parameter� � is not used. Two
additional soil layers have been added to the 2D model, as Clay 3 and Clay 4, with
their parameters shown in Table 3.7 and Table 3.8.

Table 3.7: Clay 3, Soft Soil model.

Parameter Value Unit

 sat 16 kN/m 3


 unsat 16 kN/m 3

k 5.2 �10� 5 m/day
� � 0.2410 -
� � 0.0334 -

c0
ref 5.5 kN/m 2

� 0 30 �

 0 �

� 0
ur 0.15 -

K nc
0 0.5 -

M 1.62 -
OCR 1.15 -
einit 1.15 -

25



3. Method

Table 3.8: Clay 4, Soft Soil model.

Parameter Value Unit

 sat 16 kN/m 3


 unsat 16 kN/m 3

k 5.2 �10� 5 m/day
� � 0.1112 -
� � 0.0478 -

c0
ref 7.5 kN/m 2

� 0 30 �

 0 �

� 0
ur 0.15 -

K nc
0 0.5 -

M 1.46 -
OCR 1.02 -
einit 1.15 -

Two di�erent pressure levels were assigned for the upper and lower aquifers, respec-
tively, using data of the stratigraphy provided by the Swedish Transport Adminis-
tration. With the stratigraphy data it was possible to create varying pressure levels.
Hence, when performing a pressure decrease of the lower aquifer, the pressure level
is equally decreased throughout the whole pro�le. As for the 1D cases, a background
creep phase of 30 years has been added. For the 2D case, only a scenario of 20 kPa
pressure decrease have been performed. A complete presentation of the construction
stages is demonstrated in Table 3.9. The boundary conditions of groundwater �ow
were set the same way as in the 1D cases, with closed inx direction and open in
y direction. This because the boundaries would not have an impact on the investi-
gated points. The investigated points were selected at depths where the clay had a
thickness of 10 and 15 m, to make it comparable with two of the 1D cases. The 1D
case of 5 meters is not evaluated in the 2D model, because the upper zone that is
not a�ected by a pressure drop is set to 5 meters. Hence, no change in pore pressure
can be achieved. The coordinates for the chosen points are shown in Table 3.10.

Table 3.9: Calculation phases for 2D analysis in Plaxis.

Analysis type Phase Duration [days] Starts from phase
Gravity loading Initial phase - -
Consolidation Background creep 10950 Initial Phase
Consolidation 2 m drawdown 20 Initial phase
Consolidation Following consolidation 10950 2 m drawdown

Table 3.10: Coordinates for the two chosen clay depths.

Clay layer [m] x [m] y [m]
10 385.10 5.28
15 375.30 5.03
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3.2.3 GS model

In GS, the models were set up as described earlier in Section 3.2. The models are
shown in Figure 3.8 and the pressure level was set at the top of the clay layer for
both the upper and lower aquifer. The input values of each parameter in the clay
layers are presented in Table 3.11 and 3.12. The soil model for the clay was chosen
to Chalmers with creep and for the �ll and friction Chalmers without creep.

Figure 3.8: GS Settlement models.

Table 3.11: Clay layer 1, Chalmers with creep.

Parameter Value Unit
Soil weight 16 kN/m 2

M 0 7000 kN/m 2

M L 800 kN/m 2

m0 12 -
a0 0.8 -
a1 1.0 -
� 0

c 50 - 65 kN/m 2

� 0
L 130 kN/m 2

t ref 1 day
b0 0.7 -
b1 1.1 -
r0 8000 -
r1 175 -
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Table 3.12: Clay layer 2, Chalmers with creep.

Parameter Value Unit
Soil weight 16 kN/m 2

M 0 8000 kN/m 2

M L 800 kN/m 2

m0 12 -
a0 0.8 -
a1 1.0 -
� 0

c 65 - 158 kN/m 2

� 0
L 220 kN/m 2

t ref 1 day
b0 0.8 -
b1 1.1 -
r0 3000 -
r1 175 -

The input parameters of the �ll- and friction layers were selected in order to avoid
any type of compression. Hence, the modules as well as preconsolidation pressure
and limit stress were assigned with heavily exaggerated values.

Once the soil pro�le was set up with all the parameters needed, the pressure de-
crease was modelled. The decrease was achieved by inserting a new time step which
varied in length depending on the size of the decrease and the ground water level
was kept at the same level. In the following modelling step, the pressure pro�le was
adjusted manually by changing the value of the pore pressure at the bottom of the
clay layer to the desired value. A linear interpolation was done up to the una�ected
zone. Following pressure changes were performed with corresponding time intervals
of the drawdown, with the assumptions supported by geotechnicians in the industry.
The length of the time step corresponds to the time during which pressure decrease
takes place, after which the soil is left to consolidate during 30 years.

ˆ 5 kPa pressure decrease with duration of 7 days

ˆ 20 kPa pressure decrease with duration of 20 days

ˆ 50 kPa pressure decrease with duration of 2 months (60 days)

Lastly, in order to make the application converge properly, a tolerance level of 0.0003
was set. The 'Max iteration' option was set to 9999.

Simpli�cations to an elastic model was made possible by using Chalmers without
creep instead of Chalmers with creep and increasing the preconsolidation pressure.
Furthermore, the soil response without creep was analysed by simply changing soil
model from Chalmers with creep to Chalmers without creep.
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3.3 Multi-criteria analysis

In this section the di�erent steps of the MCA are described.

I. De�ning the context

In broad terms, the objective of this MCA was to contribute with a comprehensive
evaluation of alternatives available for modelling the soil response during drawdown
in the lower aquifer. The purpose of the MCA was not to propose the best modelling
alternative and dismiss the remaining, but to identify and rank them according to
their appropriateness in several scenarios.

II. Finding alternatives

There are an adequate amount of geotechnical and hydrogeological modelling al-
ternatives, but in order to make the comparison relevant for the context, three
alternatives were selected. The stochastic settlement model has high applicability
on Swedish standards and empiricism, GS is widely used among industry profes-
sionals and �nally and Plaxis is one of the most used �nite element softwares for
geotechnical problems.

III. Finding criteria for evaluation

The following criteria have been established, shown in Table 3.13. All the criteria
and sub-criteria are explained more in depth below.

Table 3.13: All criteria and their associated sub-criteria.

Criterion Sub-criteria
1. User experience 1.1 Addressing problem in manual

1.2 Level of visuality
1.3 Expenditure of time
1.4 Required knowledge

2. Costs 2.1 Need for parameters
2.2 Need for investigation methods

2.3 License costs
3. Hydro-geotechnical Ability to:
modelling capabilities 3.1 distinguish between aquifers

3.2 estimate the pore pressure pro�le
3.3 model time dependent drawdown

4. Spatial variability Ability to:
4.1 model varying stratigraphy

4.2 model varying pressure levels
4.3 model a change over large areas

4.4 address uncertainties
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Criterion 1. User experience

This criterion was chosen to be able to determine the quality of the user interface
of the di�erent computational alternatives. The quality of each alternative depends
on how well the modelling problem is communicated and described in manuals, the
visuality when modelling, the time needed to accomplish a su�ciently accurate com-
putation as well as how clear the mathematical theory is. Some alternatives might
be simpli�ed and hence very straight forward while others require the user to be
familiar with the �nite element code to achieve the same result. In order to evaluate
the quality of the user interface of the three modelling alternatives, scoring of the
following subcategories were made.

ˆ Sub-criterion 1.1 Addressing of modelling problem in manual
The scoring of this sub-criterion was simply based on the existence of a clear
description of how to perform an analysis of a drawdown in a groundwater
aquifer. The alternatives were assigned with a high score if such description
in the manual existed and if not, a low score was assigned to the alternative.

ˆ Sub-criterion 1.2 Level of visuality
The user interface must be designed to make it simple, e�cient and user-
friendly to operate the speci�c computational alternative in order to produce
the result that was sought for. The least possible input is preferable to obtain
the desired result, while minimising unwanted outputs for the user.

ˆ Sub-criterion 1.3 Expenditure of time
This sub-criterion treats the expenditure of time for modelling. A high expen-
diture of time will give a low score.

ˆ Sub-criterion 1.4 Required knowledge in software and mathematical theory
To be able to set up a model in the software, some mathematical knowl-
edge may be necessary. This sub-criterion is based on whether a lot of prior
knowledge is needed or if the mathematical theory is straight forward. High
knowledge needed corresponds to low scores.

Criterion 2. Costs

The amount of data available often varies depending on the extent of the construc-
tion project. If the project is of high importance and associated with high economic
costs and risk, it is most likely to be supported by extensive investigations and hence
a complex model could be feasible. On the other hand, in case of a less economically
signi�cant project less data and therefore a less sophisticated model could be the
best option.

ˆ Sub-criterion 2.1 Need for parameters
This sub-criterion evaluates whether the parameters can be obtained from
literature or if they have to be developed from investigations in �eld or labo-
ratory. Need for a lot of parameters from �eld tests or laboratory tests corre-
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sponds to a low score. If the parameters can be estimated from literature, it
is scored as high.

ˆ Sub-criterion 2.2 Need for investigation methods
Geotechnical site investigation and laboratory analysis should be well moti-
vated and further investigations that are not strictly needed should be avoided
from an economical perspective. The scoring of this subcategory is therefore
made according to what level of site investigation is needed, e.g. IL oedometer
tests or triaxial tests.

ˆ Sub-criterion 2.3 License costs
The pricing of the softwares can be varying depending on the user. Some soft-
wares may have di�erent costs for students or professionals. The higher the
cost, the lower the scoring points.

Criterion 3. Hydro-geotechnical modelling capabilities

Criterion 3 treats the level of complexity when modelling. The main purpose with
this criterion was to evaluate how well the problem could be evaluated from a cou-
pled geotechnical and hydrogeological point of view.

ˆ Sub-criterion 3.1 Ability to distinguish between groundwater aquifers
This sub-criterion is about whether the modelling alternative is capable of
de�ning one pressure level for the uncon�ned groundwater aquifer and one for
the con�ned, or a common one for both.

ˆ Sub-criterion 3.2 Ability to estimate of pore pressure pro�le
Is the pore pressure pro�le changed manually or by the software? The scoring
treats the possibility of monitoring the pore pressure pro�le.

ˆ Sub-criterion 3.3 Ability to model time dependent drawdown
This sub-criterion is about whether it is possible to assign a duration until full
drawdown is achieved or if the drawdown takes place instantaneous.

Criterion 4. Spatial variability

Groundwater pressure decrease might a�ect a large area and therefore the need of
spatial settlement prediction can be of importance.

ˆ Sub-criterion 4.1 Ability to model varying stratigraphy
Is it possible for the water in the model to �ow in both horizontal and vertical
direction? The scoring is based whether or not the modelling alternative takes
into account e�ect of varying stratigraphy, i.e. if 2D analysis can be performed.

ˆ Sub-criterion 4.2 Ability to model non-horizontal pressure levels
Non-horizontal water levels can be of relevance in the case when the drawdown
occurs in a smaller area due to low hydraulic conductivity in the clay, which
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causes a tilted water level.

ˆ Sub-criterion 4.3 Ability to model a change over large areas
This sub-criterion refers to the ability to e�ectively perform a spatial analysis,
with emphasis made on the e�ectiveness.

ˆ Sub-criterion 4.4 Ability to address uncertainties
Since analysis performed on large areas rarely have homogenous soil properties,
it can be useful to evaluate the capability of the computational alternatives to
address uncertainties. The alternatives are thereby scored based on whether
the parameters can be assigned with an uncertainty interval or not.

IV. Scoring the alternatives

The three di�erent computational alternatives were assigned di�erent scores accord-
ing to their appropriateness of the previously presented criteria. The scoring was
done according to a global scale, as explained in Section 2.7. The possible scores
ranges between 10 and 100. The scoring was made by the authors of this thesis and
is based on their subjective opinion.

For criterion 1, the �rst two sub-criteria (1.1 and 1.2) can be set as low, moderate
or high which corresponds to 10, 50 and 100 points respectively. Sub-criteria 1.3
and 1.4 is scored the other way around, where a high expenditure of time and a
high required knowledge corresponds to 10 points, and low to 100 points, seen in
Table 3.14. Criterion 2 treats cost, where a high need for parameters (sub-criterion
2.1), high need for investigation methods (sub-criterion 2.2) and a high license cost
(sub-criterion 2.3) will correspond to 10 points. Low need and cost corresponds to
100 points, as shown in Table 3.15. Both criteria 3 and 4 are scored based on if the
statement in the sub-criterion is possible or not, where possible corresponds to 100
points and not possible to 10 points, presented in Table 3.16 and Table 3.17.

Table 3.14: Scoring of criterion 1

Score 10 50 100
Sub-criterion

1.1 Low Moderate High
1.2 Low Moderate High
1.3 High Moderate Low
1.4 High Moderate Low
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Table 3.15: Scoring of criterion 2

Score 10 50 100
Sub-criterion

2.1 High Moderate Low
2.2 High Moderate Low
2.3 High Moderate Low

Table 3.16: Scoring of criterion 3

Score 10 100
Sub-criterion

3.1 Not possible Possible
3.2 Not possible Possible
3.3 Not possible Possible

Table 3.17: Scoring of criterion 4

Score 10 100
Sub-criterion

4.1 Not possible Possible
4.2 Not possible Possible
4.3 Not possible Possible
4.4 Not possible Possible

V. Weighting the criteria

The weighting was individually performed by a group of specialists wihtin the �elds
of geotechnics and hydrogeology. Each subset of sub-criteria was given 100 points
respectively which were to be distributed according to their importance with every
group. The most important sub-criteria were given the highest points while the less
important were given the lowest. Points between 0 and 100 was allowed and the
sum of all points in each subset of sub-criteria had to be equal to 100. The same
procedure was carried out for the principal criteria as well. The form for weighting
of criteria and sub-criteria that the specialists used, as well as their �lled forms are
presented in Appendix B. Once the points had been distributed, they were nor-
malised to a scale of 0 to 1.

VI. Combining scores and weights

The scores of the di�erent computational approaches and the resulting weights of the
main criteria and sub-criteria were multiplied to get the result of combined scores
and weights. This was made �rstly by multiplying the scores for the sub-criteria with
the resulting weights to have a weighted score of each sub-criterion. The weighted
score of each sub-criterion was summed up. These sums where then multiplied, one
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by one, with the weights of the main criteria.

VII. Sensitivity analysis

Since the weighting itself is subjective and might vary depending on the opinions
of the specialist group, a sensitivity analysis of the weighting was carried out. This
was done by changing the weights of the criteria and analysing how the result varies
in three alternative scenarios.

The �rst alternative scenario took into account the profession of the weighting group.
If e.g. consultancy people were to perform the weighting they would probably con-
sider the user experience and cost criteria as highly important. The next scenario
was set to evaluate how the alternatives were to perform if no di�erence were made
regarding the importance of the criteria, which would show the impact of the scor-
ing itself. Lastly, the �nal alternative scenario that was studied considered a highly
funded project in an early stage. A scenario of this kind prioritises to model a change
over a large area and identify all possible uncertainties.

34



4
Results

The results in this thesis are presented through modelling results of settlement
calculation by the stochastic settlement model, Plaxis and GS as well as an MCA
of the three di�erent computational alternatives. The 1D modelling results are
presented in Section 4.1 and the 2D results in Section 4.2. Due to an embedded error
in the stochastic model, the prediction of creep was made incorrectly. Therefore, the
results from the stochastic model are only shown in terms of primary consolidation
while the remaining modelling approaches are evaluated taking into consideration
creep e�ects in the 1D analysis. To make a fair comparison, creep e�ects are not
taken into account for the 2D analysis. For the MCA, di�erent criteria are scored
and weighted in order to obtain the most preferred alternative. The scoring of the
alternatives is presented in Section 4.3 and the weighting in Section 4.4.

4.1 Modelling results of 1D cases

In this section the 1D results are presented, where only vertical �ow was allowed.

Analysis of water�ow theoretical framework

For Plaxis and GS, a comparison was made between elastic models and the models
that take creep into consideration, which are SSC and Chalmers with creep (abbre-
viated as CWC in Figure 4.5), as a control of concordance in parameters between
the programs. In Figure 4.5 it is shown that elastic parts correspond well to each
other, which means that the water �ow theoretical frameworks employed in Plaxis
and GS are similar. It is also possible to see that creep yields extra excess pore
pressure. Hence, both Plaxis and GS takes into consideration the e�ect of creep on
the excess pore pressure.

Presence of excess pore pressure,pexcess, in the upper una�ected zone in the Plaxis
and GS creep models visible in Figure 4.1(b) and 4.1(c) is only related to creep that
yields extra excess pore pressure throughout the pro�le. Since the stochastic model
assumes a change in the whole pro�le, the upper part is subjected to an increase in
excess pore pressure as well. Moreover, the highest value of the pore pressure is of
the same magnitude as in the creep models. This indicates a di�erence between the
elastic behaviour of the stochastic model with the Plaxis and GS model.
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Figure 4.1: Comparison of elastic and creep model in the stochastic model, Plaxis
and GS for (a) t = 20 days, (b) t = 1 year, (c) t = 10 years.

A further evaluation of how the pore pressure adapts for the same pro�le when the
three models are given the same time of drawdown (1 day) are shown in Figure A.1
in Appendix A. By then, the three models showed similar generation of excess pore
pressure. It can also be seen that the stochastic model generates a slightly higher
excess pore pressure than Plaxis and GS.

Analysis of the elasto-plastic behaviour

Figure 4.2 shows the settlement over time when creep is not included. In this case
the Soft Soil model in Plaxis and the Chalmers without creep model in GS was
investigated. For the stochastic model, the standard deviation of all the parameters
was set to zero and the settlement output did not include creep. The investigated
model had a clay thickness of 10 meters and was subjected to a drawdown of 20 kPa.
When comparing the three graphs it is possible to see that the behaviour during
primary consolidation is quite similar for all three models. The di�erence between
the three models has a maximum magnitude of approximately 0.75 cm. Even though
the di�erences are minor, the stochastic model predicts the highest settlement while
Plaxis gives the lowest value of settlement.
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Figure 4.2: Settlement for 10 m clay and 20 kPa drawdown, without creep.

Dissipation of excess pore pressure over time

The excess pore pressure for 10 meters of clay thickness and 20 kPa drawdown in
Plaxis and GS are shown in Figure 4.3. It is clear that almost all the excess pore
water has dissipated after 1 year for the GS Settlement model, whereas in Plaxis
the dissipation is slower and creep is still occurring after 10 years.

Figure 4.3: Excess pore pressure for 10 m clay and 20 kPa pressure decrease for
(a) Plaxis and (b) GS.
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Generation and dissipation of excess pore pressure with varying draw-
downs

The excess pore pressures with varying drawdowns in Plaxis and GS are presented
in Figure 4.4. In general the response is similar for drawdowns of 5 and 20 kPa. For
a drawdown of 50 kPa, the excess pore pressure takes longer time to dissipate in
Plaxis than for GS. Also, more creep occurs in the upper zone in Plaxis than in GS.

Figure 4.4: Excess pore pressure for (a) -5 kPa, (b) -20 kPa and (c) -50 kPa, for
10 m clay.
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Ground settlements with varying drawdowns

The e�ect of varying pressure decrease on settlement for the stochastic model is
presented without creep, shown in Figure 4.5(a). This is since the creep could not
be taken into consideration in the stochastic model. Plaxis and GS is presented both
with and without creep e�ects, in Figure 4.5(b) and Figure 4.5(c) below. For both 5
kPa and 20 kPa pressure decrease, the primary consolidation behaviour was similar
among the three approaches. The primary consolidation curves for a 50 kPa pressure
change for both Plaxis 2D and GS Settlement �attened out while for the stochastic
model, it was still consolidating after 30 years. In terms of creep behaviour, Plaxis
predicted the highest settlements for a 20 kPa pressure change, while GS predicted
the highest settlements in the case of a 50 kPa pressure change, as seen in Figure
4.5. Since the case of 20 kPa cause yielding, as previously shown in Figure 3.4, the
models seem to behave di�erently around the limit stress state that distinguishes
between di�erent compression behaviour.

In Figure 4.6, the5th and95th percentiles in the stochastic model are plotted together
with Plaxis and GS Settlement for 5 kPa, 20 kPa and 50 kPa drawdown. It should be
noticed that the scales are di�erent in (a), (b) and (c) in Figure 4.6. The percentiles
are plotted to see the stochastic distribution of the settlement and check whether
the stochastic model captures the uncertainties or not. It is clear that both the
Plaxis and GS models are in the uncertainty range of the5th and 95th percentiles in
the stochastic model for both 20 and 50 kPa drawdown. However, for a drawdown
of 5 kPa the stochastic model does not capture the uncertainties.

Figure 4.5: Varying pressure decrease for (a) the stochastic model (50th percentile),
(b) Plaxis and (c) GS.
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Figure 4.6: Comparison of5th and 95th percentile in the stochastic model without
creep with predicted settlement in Plaxis and GS with creep for (a) -5 kPa (b) -20
kPa and (c) -50 kPa.

Ground settlements with varying clay layer thickness

Figure 4.7 shows the result for 20 kPa pressure decrease performed on sections with
thickness of 5, 10 and 15 meters respectively. Both primary consolidation and creep
behaviour is evalualted for Plaxis and GS, since creep e�ects in the stochastic model
could not be investigated as already mentioned. This allowed for comparison of the
primary consolidation behaviour among the three alternatives. From the graphs it it
possible to see that the primary consolidation behaviour is quite similar for all three
approaches. However, the predicted creep for the 10 meter and 15 meter model has
a greater inclination and is therefore much higher for Plaxis than GS. Also, the 5
meter model is higher for Plaxis than GS.

40



4. Results

Figure 4.7: E�ect of clay layer thickness for (a) stochastic model (50th percentile)
(b) Plaxis and (c) GS models subjected to 20 kPa pressure decrease.

In�uence of upper undisturbed zone

As explained in Section 2.4 and Section 3.2, it is assumed that the pore pressure
pro�le in Plaxis and GS has an upper una�ected zone. A 10 meter clay with 20 kPa
drawdown is presented in Figure 4.8 and a 5 meter clay with a 50 kPa drawdown
is shown in Figure 4.9. From the �gures it can be clari�ed that when the upper
zone is not taken into account, higher settlements will occur. For the 10 meter
clay layer and 20 kPa drawdown, the additional settlement due to neglection of the
upper undisturbed zone is ranging between 1 to 2 centimeter both for Plaxis and
GS. The exaggerated scenario, presented in Figure 4.9, when a thin layer (5 m) is
subjected to a large drawdown (50 kPa), the assumption of whether the clay will
be fully drained or not has a higher signi�cance. In that case, the neglection of an
upper undisturbed zone predicts an additional settlement of 5 centimeters in Plaxis
and 7 centimeters in GS.

Figure 4.8: 10 m clay 20 kPa drawdown, with and without upper undisturbed
zone for (a) Plaxis and (b) GS.
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Figure 4.9: 5 m clay 50 kPa drawdown, with and without upper undisturbed zone
for (a) Plaxis and (b) GS.
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4.2 Modelling results of 2D cases

In this section the 2D results are presented. The stratigraphy used are shown in
Figure 3.6 and Figure 3.7, presented in Section 3.2.2

Ground settlement prediction

Figure 4.10 shows a comparison between the predictions of settlement in terms
of primary consolidation for the stochastic model (50th percentile) and Plaxis. In
addition it also shows the5th and 95th percentile of the stochastic model, to check
whether it could capture the uncertainties of additional settlements due to two
dimensional primary consolidation.

Figure 4.10: Comparison of the settlements in the stochastic model (50th per-
centile) and Plaxis for 20 kPa drawdown and (a) 10 m clay and (b) 15 m clay.

Generation and dissipation of excess pore pressure

A comparison of the predicted generation of excess pore pressure in the stochastic
model and Plaxis was performed for 10 meter and 15 meter clay, with 20 kPa
drawdown. Figure 4.11 shows that directly after drawdown (20 days) the stochastic
model predicts a higher excess pore pressure for the 10 meter clay. For 15 meters,
the stochastic model and Plaxis predicts almost the same peak value. The stochastic
model has a faster dissipation of the excess pore pressure, both for 10 and 15 meter
clay.
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Figure 4.11: Comparison of the excess pore pressure pro�le for the Statistial model
and Plaxis for 20 kPa drawdown of a (a) 10 m clay and (b) 15 m clay.

4.3 Scoring of alternatives

Criterion 1. User experience

The scores for criterion 1 for the three di�erent alternatives are described below and
presented in Table 4.1.

Stochastic settlement model

Lack of manual and no graphic visuality presented when modelling makes its per-
formance de�cient. Due to large data demand and long calculation times, the time
expenditure could be considered as high. Additionally, high knowledge is required
of the software and mathematical theory.

Plaxis

For Plaxis there are tutorials of modelling problems assigned in the manuals. How-
ever, there is no direct explanation of the scenario regarding groundwater drawdown
for two di�erent aquifers. The level of visuality is high because the soil pro�le and
its layers can be shown in di�erent colors, construction stages are easily made and
it is possible to perform soil tests to check the appropriateness of input parameters.
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Moreover, it is possible to see the deformed mesh when calculating and generation
of graphs are accessible in the output window. The expenditure of time can be
considered as moderate since relatively large amounts of parameters needs to be
evaluated. The required knowledge is moderate since there are a high amount of
features beyond the basic settings and many options that possibly can be changed.
Also, meshing and the amount of nodes have to be selected which could require some
knowledge in FEM. Furthermore, the boundary conditions have to be changed.

GS Settlement

When it comes to the criteria regarding addressing modelling problem in manual,
it can be stated that there is no clear explanation of how to address two di�erent
groundwater aquifers. Pore pressure pro�le is a compiled result that does not make
any distinction about the di�erent water levels. Information about how new pressure
levels arise exists, but there is no theoretical background of how a drawdown in
lower aquifer is simulated. Therefore the scoring of sub-criterion 1.1 is moderate.
The level of visuality is also moderate since the soil pro�le, stress chart and �ow
chart is shown while modelling, but it is not possible to e.g. see the deformed
mesh. The expenditure of time depends on experience, but the relatively simple
user interface together with a sparse amount of parameters rates it as low. The
required knowledge in software and mathematical theory would be moderate. This
is because only 1D calculation is possible with no visible mesh that needs to be
generated and no selection of nodes or Gauss points. However, a proper tolerance
level needs to be assigned.

Table 4.1: Scoring of criterion 1

Stochastic Plaxis GS
Score 10 50 100 10 50 100 10 50 100

Sub-criterion
1.1 X X X
1.2 X X X
1.3 X X X
1.4 X X X

Criterion 2. Costs

The scoring for criterion 2 for the three di�erent alternatives is described below and
presented in Table 4.2.

Stochastic settlement model

The parameters used in stochastic model are evaluated from investigation methods
and not from literature. They are dependent on large amount of data evaluated
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at many points, and therefore the accuracy relies strongly on a large data interval.
A small data interval would lower its accuracy. It can be assumed that both the
amount of parameters needed are high, as well as the fact that they have to be
obtained from �eld and laboratory tests. The cost can be assumed as low since the
code is based on available soil deformation theory and is not embedded in any type
of software. The cost for Matlab as a computational platform can be neglected since
it is only an enabler to run the code.

Plaxis

All the parameters for Soft Soil Creep in Plaxis are presented in Table 3.4 and 3.5.
Various parameters can be obtained from literature. However, some of the param-
eters need to be obtained from investigations and need further calculations. For
instance,� � and � � are developed fromM 0 and M L from CRS-curves, using conver-
sion equations as explained in Section 2.5.1. The oedometer modulusM 0 can also
be determined empirically. Besides, the parameters� ur together with K nc

0 and the
M � are estimated automatically by Plaxis itself. What has to be known, however,
is the stress history of the soil, i.e. its preconsolidation pressure. Therefore, the
sub-criteria of need for parameters and need for investigation methods are scored
as moderate. The license cost is USD 3,950 to 6,825 for a 12 month subscription
including 3 to 5 keys, which corresponds to 6,621 to 19,062 SEK per person, based
on current exchange rate. This license cost is interpreted as moderate.

GS Settlement

The parameters needed in GS are shown in Table 3.11 and Table 3.12. Most param-
eters can be found in literature and by empiricism, as explained in Section 2.5.2.
The stress history is crucial, though, and therefore the need for parameters and
investigation methods can be be considered as moderate. An annual subscription
of GeoSuite Toolbox package is 30,000 SEK for a name user and 33,000 SEK for a
�oating license. In terms of license cost it is therefore scored as high.

Table 4.2: Scoring of criterion 2

Stochastic Plaxis GS
Score 10 50 100 10 50 100 10 50 100

Sub-criterion
2.1 X X X
2.2 X X X
2.3 X X X
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Criterion 3. Hydro-geotechnical modelling capabilities

The scoring for criterion 3 for the three di�erent alternatives are described below
and presented in Table 4.3.

Stochastic settlement model

When setting up the geometry for the stochastic model it is possible to distinguish
between two di�erent groundwater aquifers. However, it is not possible to change
the pore pressure pro�le since it is generated automatically. Furthermore, it is not
possible to reproduce a time dependent drawdown. Instead, the drawdown takes
place immediately.

Plaxis

In Plaxis it is possible to assign and distinguish between two di�erent groundwa-
ter aquifers. Also, it is possible to change the pore pressure pro�le, by adding a
new pressure level in a di�erent phase. Regarding the ability of reproduced time
dependent drawdown, it is fully possible to assign a duration until full drawdown is
achieved.

GS Settlement

It is not possible to distinguish between two groundwater aquifers when modelling
in GS. However, the pore pressure pro�le can manually be changed. Regarding the
ability of reproducing time dependent drawdown, a time limit can be set during
which drawdown occurs.

Table 4.3: Scoring of criterion 3

Stochastic Plaxis GS
Score 10 100 10 100 10 100

Sub-criterion
3.1 X X X
3.2 X X X
3.3 X X X
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Criterion 4. Spatial variability

The scoring for criterion 4 for the three di�erent alternatives are described below
and presented in Table 4.4.

Stochastic settlement model

The �rst sub-criterion is the ability of modelling varying stratigraphy which is possi-
ble. It should, however, be mentioned that only one dimensional calculations can be
performed and therefore the e�ect of varying stratigraphy cannot be evaluated. It
is possible to model varying pressure levels since the water levels can be reproduced
in all spatial points. To model a change over large areas is possible and it can be
achieved e�ectively. The ability of the alternative to address uncertainty can be
considered high since it has an embedded Monte Carlo analysis.

Plaxis

For the ability of modelling varying stratigraphy it is possible since the ground pro-
�le can be fully reproduced. Modelling of varying pressure levels is possible, by
drawing the pressure level as preferred. Modelling a change over a large area is pos-
sible, since the pressure level easily can be adjusted. When it comes to addressing
of uncertainties, the parameters are given �xed values and cannot be assigned an
uncertainty interval.

GS Settlement

It is not possible to model varying stratigraphy in GS. If it is desired to analyse
di�erent stratigraphies, a new �le has to be made. However, it is possible to model
varying pressure levels. A spatial analysis cannot be made due to the inability of
modelling varying stratigraphy. For the uncertainty interval the parameters are
given rigid values.

Table 4.4: Scoring of criterion 4

Stochastic Plaxis GS
Score 10 100 10 100 10 100

Sub-criterion
4.1 X X X
4.2 X X X
4.3 X X X
4.4 X X X
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4.4 Weighting of criteria

The compiled direct weights of all the specialists and the resulting weights after
normalisation are presented in Figure 4.12 below. In Appendix C the results are
also available as Table C.1.

Figure 4.12: Weights for the di�erent criteria and sub-criteria.
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4.5 Combining scores and weights

The weighted scores of the di�erent computational approaches are calculated as pre-
sented in Section 3.3. The results of the combined scores and weights are presented
in 4.13 and can also be found in Table D.1 in Appendix D.

Figure 4.13: Combination of scores and weights.

4.6 Sensitivity analysis of weighting

Three alternative weighting scenarios were carried out and are presented in detail
in Appendix E. The �rst alternative scenario (see Table E.1) refers to when the
normalised weights were increased for user experience (criterion 1) and costs (crite-
rion 2), and decreased for hydro-geotechnical modelling capabilities (criterion 3) and
spatial variability (criterion 4). The weight were then changed to 0.4 for criteria 1
and 2 and to 0.1 for criteria 3 and 4. In that case, the best alternative is still Plaxis
and the least preferred is still the stochastic model. In the alternative weighting sce-
nario 2 (see Table E.2), all of the criteria were to be weighted equally. In this case
the ranking also remained unchanged. The third scenario (see Table E.3) evaluates
when another alternative has the possibility of being the most preferred option. In
order for another alternative to outrank Plaxis, the weight of criteria 1-3 have to be
set to 0.1 while criteria 4 has a weight of 0.7. In this case, the stochastic model is
considered as the most preferred option.
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This chapter discusses the modelling results, sources of error, results of the MCA
and sensitivity analysis of weighting.

5.1 Modelling results

The comparison of the di�erent computational tools shows that the elastic behaviour
of the models as well as the prediction of the primary consolidation settlement is
quite similar among the three computational tools. It can further be con�rmed that
both Plaxis and GS assumes that creep yields extra excess pore pressure. Hence,
it serves as a veri�cation for Plaxis against a well established program such as GS
which specialises in 1D settlement predictions.

Regarding the dissipation of excess pore pressure for the 1D modelling, it can be
stated that Plaxis has slower dissipation than GS since creep is still occuring after 10
years (see Figure 4.3). This implies that the settlement process is faster in GS and
that the predicted settlements will be generated in a higher pace. Consequently, it
might predict a higher risk of damage on surrounding constructions within a shorter
matter of time.

The e�ects of drawdown magnitude were evaluated and it is prominent that the
primary consolidation prediction was similar for all three alternatives in the case of
5 and 20 kPa. However, for 50 kPa drawdown (when the preconsolidation pressure
is exceeded), Plaxis predicts the sti�est response, i.e. lower settlements and the
stochastic model predicts the softest response, i.e. higher settlements. Moreover,
the stochastic model seems to still be consolidating after 30 years. With respect to
the creep e�ects, for 5 kPa drawdown, the creep prediction is matching very well
for Plaxis and GS, while for 20 kPa the creep increases to a greater extent in Plaxis
than in GS. This might be explained by the fact that the stress state is approaching
the preconsolidation pressure which highlights the di�erence in the interpretation
of the creep parameters. Since the creep prediction of a 20 kPa drawdown results
in a wide distribution of possible settlements for the three computational tools, it
is di�cult to draw any conclusions on the impact of soil thickness. With regards
to the stress charts provided in Figure 3.4, there is reason to predict a stress state
which is closer to 80 percent of the preconsolidation pressure in the 10 meter clay
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layer than for the 15 meter clay. This would potentially imply that a higher level
of creep can be expected in the 10 meter section compared to the 15 meter section.
However, this cannot be interpreted from the �gures.

Although the creep is not properly implemented in the stochastic model, its uncer-
tainty interval related to parameter variability enables it to capture the additional
deformation related to creep for drawdowns of 20 and 50 kPa well. It can be ques-
tioned why a comparison is made between a model that does consider creep with a
model that does not. But for such comparison however, the stochastic model can be
considered a su�ciently good tool, since it captures the additional settlements from
creep. For the 5 kPa case, however, the stochastical model predicts an uncertainty
interval that is much smaller. Therefore it cannot capture the e�ects of creep by
only taking into account primary consolidation. Anyhow, if it manages to capture
the e�ects of creep, as in the cases of 20 and 50 kPa, it can be considered as very
conservative and robust, which emphasise the downsides with this comparison. In
early stages of a project when the aim is to capture all of the possible uncertainties,
it might be advantageous. However, for later stages, this might be unfavourable and
costly. By taking too many precautions for instance using sealing measures, higher
quantities of non-environmental friendly materials such as cement and steel will be
used. More accurate predictions are therefore preferable.

The method for modelling a groundwater drawdown varies among the alternatives.
Apart from settlement calculations with application of the load on top of the soil,
the load distribution in case of a drawdown in the lower aquifer originates from
the bottom of the clay layer with an upward decrease of load distribution. This
requires assumptions for how this drawdown process should be modelled. However,
it also brings an uncertainty with regards to how the new pore pressure pro�le
adapts, the time course of the event and how the softwares models it. One of the
assumptions that had to be made was at which height the pressure change spread.
The assumption of not having a 5 meter upper undisturbed zone gave an additional
settlement of approximately 1 to 2 centimeters. For a thin layer of 5 meter, a 50 kPa
drawdown could, if no upper undisturbed zone was assumed, mean full drainage of
the layer and resulted in an increase of settlements by 5 centimeters in Plaxis and
almost 7 centimeters in GS. It is therefore of importance to be aware of that the
assumption of an undisturbed zone might provide a less severe worst case scenario.
In the case of 5 meter clay it can although be discussed whether the pro�le should
be modelled with the upper zone or not. When the clay is this thin, it means that
it is probably close to an area with outcropping bedrock and a pressure decrease of
the lower aquifer may actually also drain the upper aquifer.

When the water instead was allowed to drain in two dimensions (the 2D case), it was
shown that the primary consolidation behaviour di�ered with about 5.5 centimeters
between the stochastic model (50th percentile) and Plaxis for the 10 meter clay
layer and approximately 8 centimeters for the 15 meter clay layer. Starting o�
as relatively similar when analysing 1D behaviour, they now predict a noticeable
di�erence in the magnitude of settlements. This di�erence is anyhow captured by
the uncertainty interval in the stochastic model for the 10 meter scenario with a 20
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kPa drawdown, while for a 15 meter clay thickness it is not captured. Therefore
it would be reasonable to discuss whether the stochastic model should be further
developed in order to capture the uncertainties related to two dimensional primary
consolidation. It can be established that for the 2D case, the 10 meter clay layer is
predicted to generate higher settlements than the 15 meter layer in the stochastic
model. Presumably, this is related to the calculation time. For a short time span,
the thinner layer might show more settlements while for a longer perspective the
outcome would probably be the reverse.

5.2 Sources of error

Since real case scenarios are too complex to reproduce, simpli�cations are necessary
when performing analysis of soil behaviour and these are potential sources of error.
The �rst source of error in the modelling process could be the interpretation of the
site characteristics such as horizontal layering and constant parameter values within
the layers. Since the stochastic model relies on a large data interval and is suitable
in that context, the remaining models have to comply with its data interpretation.
This leads to relatively robust assumptions in the Plaxis and GS models in order
to allow for them to be comparable. The large data interval also lets the stochastic
model consider all of the possible uncertainties, while the remaining models are given
a �xed value. However, if the data range were to be scaled down it might be at the
expense of the stochastic model instead. Hence, it becomes di�cult to perform the
comparison between the computational tools when the stochastic model allows for
a high level of uncertainty and also a dependency among the parameters.

Another source of error parameter-wise is the implementation of the creep indices.
A value of � � = 0:00571and r1 = 175 could be considered as relatively high and a
conservative value. This may also be the reason to why the stochastic model does
not succeed in capturing the creep e�ects in its uncertainty range. Furthermore, GS
uses the factorsb0 and b1 with the time resistance parametersr0 and r1. A high
value of r0 as well as misconception ofb0 could make the soil less prone to creep in
the overconsolidated range, which might be an explanation to why the GS model
predicts less creep around the preconsolidation pressure in the 20 kPa drawdown
scenario. This further highlights the di�erence in implementation of creep where
GS requires 5 parameters to de�ne creep behaviour and Plaxis only requires one
parameter. It is not possible to state whether GS brings a more accurate result in
terms of creep, but it might be seen as less conservative in its prediction compared
to Plaxis.

Moreover, there is reason to suspect a source of error related to the interpretation of
stress history of the clay. The trends towards depth have been considered the same
for all sections. Depending on the location, the geology might vary and also the
stress history. Therefore, the stress history should have been interpreted di�erently
depending on the clay layer thickness.

In terms of simulating the drawdown process there are di�erences in how the pressure
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change was achieved. For the stochastic model and the Plaxis software, the pressure
head was given an elevation expressed in meters. For GS, the pressure head was
expressed in kPa. In addition, the drawdown in the stochastic model took place
instantly while Plaxis and GS allowed the con�ned aquifer pressure to decrease
during a given time period depending on the size of drawdown. Concerning how the
new pressure adjusts, the stochastic model assumed the whole pro�le to be a�ected
by the drawdown, while Plaxis and GS allowed the soil pro�le to be una�ected
in the upper 5 meters of the soil. This in turn generated di�erent distribution of
the excess pore pressure load, where the soil got subjected to a higher load in the
stochastic model than in the remaining models and hence maybe a more conservative
settlement prediction.

Lastly, another likely error is the lack of validation against a real life scenario.
Since there is no possibility to use any measured values for �nal settlements as a
benchmark, the result cannot be con�rmed fully.

5.3 MCA results

The MCA was added to this thesis in order to make a broader comparison between
the computational tools. The �nal result of the MCA shows that Plaxis is the
best performing computational tool. From the expert judgments of the specialist
group, the criteria 3 and 4 got a normalised weighting of 0.39 and 0.3, respectively,
whereas criteria 1 and 2 only got 0.19 and 0.13, respectively. In criterion 3, Plaxis
got the highest possible score for all sub-criteria and for criterion 4, all sub-criteria
except one was assigned the highest score. Hence, the reason why Plaxis got the
best results should be that it got higher scores for the criteria and sub-criteria that
was highly weighted from the research group. The stochastic model performed best
for criterion 4, but it was not enough due to poor results in the other criteria. GS
performed better than the stochastic model in general, and showed mediocre scores
for all criteria.

For the �rst criterion, regarding user interface, the stochastic model got the lowest
score for each sub-criteria. The reason is that this criterion was highly based on
the easiness of how to navigate when modelling and for the stochastic model, it was
considered complicated. Hence, it can be discussed whether another sub-criterion
should have been added to the user interface criterion, for example the �exibility of
an open code. An open source code can always be modi�ed and in a programming
tool such as Matlab, anything can be changed. This would have given the stochastic
model a high score and perhaps a more fair result. Another sub-criterion that
could have been added to the user interface criterion is the e�ort it takes when
modelling. For both the stochastic model and Plaxis the e�ort could be considered
as quite high, while for GS the modelling process is more straightforward. For
criterion 2, regarding costs, the parameters of the stochastic model was evaluated
from investigation methods, while for Plaxis and GS some of the parameters could
be found in literature, which was seen as more practical. On the other hand it could
be disadvantageous since they are not site speci�c. However, the license cost was
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interpreted as low for the stochastic model, since the code that was used can be
adapted to any other type of numeric programming language. This interpretation
could instead have been done in the same way as for Plaxis and GS, where the license
cost was presented as the price when buying the software. The hydro-geotechnical
modelling capabilities (criterion 3) showed a varying result between the di�erent
computational tools. Plaxis got the highest score for all three sub-criteria and can
therefore be seen as the most appropriate tool in the case of modelling a groundwater
drawdown in lower aquifer. The fourth criterion, which is about spatial variability,
is advantageous for the stochastic model, since the code is programmed to be used
over a large area and to address uncertainties.

Regarding the scoring, it is possible to question whether the use of a global scale
is preferable over a local scale. In particular, a global scale can cause confusion
in the de�nition of what a good performance means as well as how a moderate
performance should be valued in relation to the best performance score. When
using a local scale it is not prede�ned what a high or low score implies. Instead,
the investigated alternatives are simply ranked based on which performs best and
worse for the di�erent criteria, which could be seen as a more straightforward way of
scoring. The weakness with a local scale is that when normalising the scale against
the alternative that performs the best or worst, small and perhaps quite insigni�cant
e�ects can have a very large impact on the �nal result.

When taking into account the weights of the researach group, the MCA results show
that Plaxis will be the most preferable computational tool. In order to properly
assess the weighting of each criterion it could have been valuable to set up likely
scenarios of at which time stage of a project the risk of decreasing pressure in the
con�ned aquifer would be evaluated. One example could be to consider two di�erent
scenarios, where the �rst could be denoted as an early stage in the project, a so-called
"feasibility planning". Here the aim is generally to select proper location together
with preliminary design and identify possible risks. Characteristical for this time
stage of a project is desk studies and use of already existing data together with a
need for a lot of assumptions based on empiricism. The second scenario considered
could be later on in the process, during the design stage. This stage is characterised
by a better understanding of the problem and the data available is much higher
than before. It is important to highlight the diversity of infrastructure projects and
depending on their nature, the di�erent criteria are of varying signi�cance.

5.4 Sensitivity analysis of weighting

It is of importance to stress that the results of the MCA can be dependent on how
the weighting was performed. The research group in this study weighted hydro-
geotechnical modelling capabilities and spatial variability (criterion 3 and 4) as the
highest. Yet, for other people that is going to choose between the three computa-
tional tools, the user experience or the cost could be more important. The result
of combined scores and weights show that even for a scenario where the weights
of criteria 1 and 2 were increased and criteria 3 and 4 decreased, Plaxis still got
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the highest and the stochastic model got the lowest result (see Table E.1). Also,
when changing the normalised weighting to equal for all the criteria, the order of the
most preferable computational tools remained unchanged, as shown in Table E.2.
In order for an alternative to outrank Plaxis, the weight of the forth criteria had
to be heavily ampli�ed to a weight of 0.7. This could potentially be a case when
investigating a large area with high parameter uncertainty in an early stage of a
project as discussed in Section 5.1.
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The following chapter presents the conclusions of this thesis and suggestions of future
studies.

6.1 Conclusion

This thesis examines three computational tools in their ability to predict settlement
caused by drawdown in a con�ned aquifer. To obtain a holistic perspective, a MCAs
was made in parallel with a 1D and 2D analysis of characteristic soil sections.

The results shows that the elastic behaviour of the models and the elasto-plastic
settlement is rather similar for the three computational tools. What mainly di�ers
is the creep estimation, which can be explained by di�erent model formulation. The
inability for the stochastic settlement model to predict creep is for 1D modelling
captured well by the uncertainty interval related to parameter variability. GS seems
to predict a less conservative response in terms of creep compared to Plaxis for
stress states around the preconsolidation pressure. On the other hand, when the
preconsolidation pressure is exceeded heavily, GS predicts higher settlements than
Plaxis. This demonstrates that the softwares might predict settlements di�erently,
although the input parameters are similar. In terms of 2D primary consolidation,
the comparison between the stochastic model and Plaxis demonstrates relatively
large di�erence in settlement prediction. The question of whether the stochastic
settlement model can capture the e�ects of 2D primary consolidation by the param-
eter uncertainty interval or not needs to be further assessed. To conclude, this thesis
highlights the di�erences in the computational tools and does not aim to determine
which alternative is outperforming the other. All of the studied computational tools
have their advantages and drawbacks. The stochastic settlement model emerges
with its good capability of handling spatial uncertainties. Being an open code al-
lows for �exibility, but can also be disadvantageous due to the low level of intuition.
Plaxis is rather straight-forward in its way of simulating a drawdown at the same
time as its ability to reproduce reality is advantageous. On the other hand, the
calculation e�ort becomes quite intensive for Plaxis. GS possesses the bene�ts of
being more intuitive and requires a lower calculation e�ort, but lacks the ability
of performing more calculations with complex geometries. Because of the varying
nature of the computational tools it can be con�rmed that there are challenges in
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comparing them. The result from an MCA of this kind should be considered as
subjective, both in terms of scoring and in weighting, since it always needs to be
based on expert judgement. However, the MCA can serve as a support for future
projects, to accomplish a versatile analysis in a structured way.

6.2 Future studies

This thesis can be further developed in many ways. To �nalise the analysis, the creep
error in the stochastic settlement model should be solved. Moreover, a sensitivity
analysis in modelling can be performed by changing input parameters, in order to
evaluate how di�erences in soil properties a�ects the result. The study can be further
elaborated by investigating temporary drawdowns. This can serve as a support to
evaluate how the di�erent tools assesses the risk of settlements for a non-permanent
drawdown, indicating when damage appears. Another recommendation could be
to compare the analysis with a real scenario. This would enable judgement about
which tool is the most accurate. Lastly, to be up to date within current research,
3D calculations would be of interest to consider.
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Modelling results
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Figure A.1: Excess pore pressure for a 10 m section and 20 kPa pressure decrease
after 1 day.
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A. Modelling results
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B
Weighting results

Table B.1: Form for weighting of criteria and sub-criteria.

Criterion or Weight of criterion
sub-criterion or sub-criterion

1
1.1
1.2
1.3
1.4
2
2.1
2.2
2.3
3
3.1
3.2
3.3
4
4.1
4.2
4.3
4.4

III



B. Weighting results

Table B.2: Weighting by specialist A.

Criterion or Weight of criterion-
sub-criterion or sub-criterion

1 10
1.1 20
1.2 20
1.3 40
1.4 20
2 10
2.1 20
2.2 20
2.3 60
3 40
3.1 33
3.2 33
3.3 34
4 40
4.1 20
4.2 20
4.3 30
4.4 30

IV



B. Weighting results

Table B.3: Weighting by specialist B.

Criterion or Weight of criterion-
sub-criterion or sub-criterion

1 30
1.1 30
1.2 10
1.3 10
1.4 50
2 10
2.1 40
2.2 40
2.3 20
3 35
3.1 30
3.2 50
3.3 20
4 25
4.1 10
4.2 50
4.3 30
4.4 10
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B. Weighting results

Table B.4: Weighting by specialist C.

Criterion or Weight of criterion
sub-criterion or sub-criterion

1 15
1.1 20
1.2 40
1.3 15
1.4 25
2 20
2.1 40
2.2 30
2.3 30
3 40
3.1 33
3.2 33
3.3 34
4 25
4.1 30
4.2 20
4.3 30
4.4 20

VI



B. Weighting results

Table B.5: Weighting by specialist D.

Criterion or Weight of criterion
sub-criterion or sub-criterion

1 20
1.1 30
1.2 20
1.3 10
1.4 40
2 10
2.1 40
2.2 40
2.3 20
3 40
3.1 33
3.2 33
3.3 34
4 30
4.1 25
4.2 25
4.3 25
4.4 25

VII



B. Weighting results

VIII



C
Normalisation of weights

Table C.1: Normalisation of weights for criteria and sub-criteria.

Criterion or Direct Result
sub-criterion weight weight

1 19 0.19
1.1 25 0.25
1.2 23 0.23
1.3 19 0.19
1.4 34 0.34
2 13 0.13
2.1 35 0.35
2.2 33 0.33
2.3 33 0.33
3 39 0.39
3.1 32 0.32
3.2 37 0.37
3.3 31 0.31
4 30 0.3
4.1 21 0.21
4.2 29 0.29
4.3 29 0.29
4.4 21 0.21
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C. Normalisation of weights
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D
Combining scores and weights

Table D.1: Combination of scores and weights.

Criterion or Weighted score Weighted score Weighted score
sub-criterion Stochastic Plaxis GS

1.1 2.5 12.5 12.5
1.2 2.3 22.5 11.3
1.3 1.9 9.4 18.8
1.4 3.4 16.9 16.9

Sum 1 10 61.3 59.4
Weighted sum 1 1.9 11.5 11.1

2.1 3.5 17.5 17.5
2.2 3.3 16.3 16.3
2.3 32.5 16.3 3.3

Sum 2 39.3 50 37.1
Weighted sum 2 4.9 6.3 4.6

3.1 32.3 32.3 3.2
3.2 3.7 37.3 37.3
3.3 3.1 30.5 30.5

Sum 3 39 100 71
Weighted sum 3 15.1 38.8 27.5

4.1 21.3 21.3 2.1
4.2 28.8 28.8 28.8
4.3 28.8 28.8 2.9
4.4 21.3 2.1 2.1

Sum 4 100 80.9 35.9
Weighted sum 4 30 24.3 10.8
Final result 51.9 80.7 53.6
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D. Combining scores and weights
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E
Alternative weighting scenarios

Table E.1: Combination of scores and weights for alternative scenario 1.

Criterion or Weighted score Weighted score Weighted score
sub-criterion Stochastic Plaxis GS

1.1 2.5 12.5 12.5
1.2 2.3 22.5 11.3
1.3 1.9 9.4 18.8
1.4 3.4 16.9 16.9

Sum 1 10 61.3 59.4
Weighted sum 1 4 24.5 23.8

2.1 3.5 17.5 17.5
2.2 3.3 16.3 16.3
2.3 32.5 16.3 3.3

Sum 2 39.3 50 37.1
Weighted sum 2 15.7 20 14.8

3.1 32.3 32.3 3.2
3.2 3.7 37.3 37.3
3.3 3.1 30.5 30.5

Sum 3 39 100 71
Weighted sum 3 3.9 10 7.1

4.1 21.3 21.3 2.1
4.2 28.8 28.8 28.8
4.3 28.8 28.8 2.9
4.4 21.3 2.1 2.1

Sum 4 100 80.9 35.9
Weighted sum 4 10 8.1 3.6
Final result 33.6 62.6 49.2
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E. Alternative weighting scenarios

Table E.2: Combination of scores and weights for alternative scenario 2.

Criterion or Weighted score Weighted score Weighted score
sub-criterion Stochastic Plaxis GS

1.1 2.5 12.5 12.5
1.2 2.3 22.5 11.3
1.3 1.9 9.4 18.8
1.4 3.4 16.9 16.9

Sum 1 10 61.3 59.4
Weighted sum 1 2.5 15.3 14.8

2.1 3.5 17.5 17.5
2.2 3.3 16.3 16.3
2.3 32.5 16.3 3.3

Sum 2 39.3 50 37.1
Weighted sum 2 9.8 12.5 9.3

3.1 32.3 32.3 3.2
3.2 3.7 37.3 37.3
3.3 3.1 30.5 30.5

Sum 3 39 100 71
Weighted sum 3 9.8 25 17.7

4.1 21.3 21.3 2.1
4.2 28.8 28.8 28.8
4.3 28.8 28.8 2.9
4.4 21.3 2.1 2.1

Sum 4 100 80.9 35.9
Weighted sum 4 25 20.2 9.0
Final result 47.1 73 50.8
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E. Alternative weighting scenarios

Table E.3: Combination of scores and weights for alternative scenario 3.

Criterion or Weighted score Weighted score Weighted score
sub-criterion Stochastic Plaxis GS

1.1 2.5 12.5 12.5
1.2 2.3 22.5 11.3
1.3 1.9 9.4 18.8
1.4 3.4 16.9 16.9

Sum 1 10 61.3 59.4
Weighted sum 1 1 6.1 5.9

2.1 3.5 17.5 17.5
2.2 3.3 16.3 16.3
2.3 32.5 16.3 3.3

Sum 2 39.3 50 37.1
Weighted sum 2 3.9 5.0 3.7

3.1 32.3 32.3 3.2
3.2 3.7 37.3 37.3
3.3 3.1 30.5 30.5

Sum 3 39 100 71
Weighted sum 3 3.9 10 7.1

4.1 21.3 21.3 2.1
4.2 28.8 28.8 28.8
4.3 28.8 28.8 2.9
4.4 21.3 2.1 2.1

Sum 4 100 80.9 35.9
Weighted sum 4 70 56.6 25.1
Final result 78.8 77.7 41.8
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