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Abstract

In this study a deep tunnel excavation in the Boom Clay (BC) formation, in the context of
constructing a repository for the deep geological disposal of radioactive waste in the Nether-
lands, is investigated by means of numerical modelling.

First the selection of a constitutive soil model, that captures adequately the known aspects of
the mechanical behaviour of natural BC, is addressed. To this purpose, three conventional,
drained, strain-controlled triaxial compression tests and one high pressure oedometer test,
performed on intact BC samples originating from Essen (Belgium) which were extracted from
the literature, were numerically simulated utilising the lab test facility of the PLAXIS 2D 2011
software. The Linear Elastic Perfectly Plastic-Mohr Coulomb model, the Modified Cam-Clay
model, the Soft Soil-Creep model and the Hardening Soil (HS) model were calibrated on the
basis of the test results. Based on the comparison of the numerical results with the test data,
it was concluded that the HS model performed best, that is, especially in terms of reproducing
the evolution of stiffness and mobilised shear strength under triaxial compression, which are
deemed to be the most predominant processes affecting the behaviour of the BC host rock
due to a tunnel excavation.

Subsequently, the level of influence of the geotechnical properties of BC, used as input para-
meters for the HS model, on the radial extent of the fully Plastic Zone (PZ) and of the
Hydro-Mechanical (HM) disturbance, caused by an undrained tunnel excavation, is investig-
ated. The level of influence of the soil properties on the magnitude of the hoop forces (N) in
the tunnel liner and on the magnitude of the generated pore water pressures (u) around the
excavation is examined as well. This was achieved by numerically simulating an undrained
tunnel excavation in the BC host rock, in two-dimensional plane strain conditions, with the
PLAXIS 2D 2011 finite element program. A mechanical sensitivity analysis was performed
by varying, individually, selected HS model input parameters to upper and lower bound val-
ues. It was found that the thickness of the PZ was mainly influenced by the magnitude of
the elastoplastic shear stiffness of the material. The radial extent of the HM disturbance was
mostly affected by the elastic shear stiffness of the soil. Finally, the magnitude of N in the
liner and the magnitude of u in the vicinity of the excavation were found to be primarily
influenced by the value of the effective friction angle (ϕ′) of the BC material.
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Chapter 1

Introduction

1-1 Radioactive waste disposal in Boom Clay

Among various radioactive waste management schemes to date, deep geologic disposal is
thought to be the most promising in terms of feasibility, safety and economy. Several countries
such as the United States of America, Canada, France, Germany, Norway, Finland, Sweden
and Belgium have been funding research programmes to investigate the dominant processes
linked to this technique in different geologic formations (Arnold et al., 2014).

One of the candidate geologic formations for radioactive waste disposal is a tertiary clay form-
ation named Boom Clay (BC), which is present in the subsurface of north-east Belgium and
almost the whole of the Netherlands (see later Section 2-2). Research on BC was inaugurated
in 1974 by the Belgian Nuclear Research Center (SCK•CEN), at the HADES Underground
Research Facility (HADES URF) in the city of Mol. Since, a series of deep tunnel excavations
in conjunction with in-situ measurements and laboratory tests have been, and are, being con-
ducted for gaining an insight into the response of the host rock-repository-radioactive waste
system (Bernier et al., 2007a).

Similarly, the Netherlands have been examining the feasibility of deep geological disposal
through the Central Organisation For Radioactive Waste (COVRA), founded in 1982 (http:
//www.covra.nl). Whereas the suitability of salt as host rock has been confirmed in previous
studies (CORA, 2001b), more investigation was needed in the case of BC. Hence, in 2009,
the Research Programme for the Geological Disposal of Radioactive Waste (OPERA) for
the 2011-2016 time frame was launched. The aim of OPERA is to re-evaluate and update
existing safety and feasibility studies regarding the construction of an underground radioactive
waste repository in the BC formation. Scientific knowledge can be gained and complemented
through the findings of other research programmes such as the ones being conducted at the
HADES URF, Belgium.
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2 Introduction

1-2 Life-time phases of a radioactive waste repository

According to Birkholzer et al. (2012), four stages can be distinguished during the life-time of
a radioactive waste repository:

1. the construction stage, during which the underground excavation is carried out and the
structural elements of the tunnel are installed,

2. the open tunnel stage, which lasts until the waste is emplaced and the repository is
backfilled and sealed,

3. the exploitation stage, which is related to the post-closure ambient disturbance caused
by the heat emitted by the waste, and

4. the long-term post-closure stage, during which radionuclides potentially start to migrate
through the barriers.

An outline of the phases and the major decision points during the life-time of a radioactive
waste repository in the Netherlands is shown in Figure 1-1.

The research performed as part of this MSc project focuses on the construction stage. The
main process that occurs during this phase is the mechanical and the hydraulic perturbation
of the host rock around the tunnel, which is induced by the excavation procedure and the
subsequent redistribution of stresses in the soil.

After a limited number of excavation steps have been realised and the tunnel segments have
been installed, an ideal short-term equilibrium between the soil and the liner takes place.
The soil may be considered fully saturated and its response may be deemed to be undrained.
Subsequently, consolidation, i.e. dissipation of the excavation-induced excess pore water
pressures in the host rock commences, leading to a long-term equilibrium of the soil-tunnel
liner system (Tsang et al., 2005). During this period, the material is partially saturated
due to its exposure to the atmospheric pressure at the soil-liner interface. The process of
consolidation continues also during the open tunnel stage. This research project will address
only the initial (ideally fully saturated and undrained) state of the material.

Figure 1-1: Phases of a radioactive waste repository in the Netherlands (Verhoef et al., 2011).
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1-3 Problem Definition
A tunnel construction induces hydro-mechanical perturbations around the periphery of the
excavation. Two zones affected from the excavation may be distinguished: the Excavation
Damaged Zone (EDZ) and the Excavation disturbed Zone (EdZ). In the case of the BC
formation, the former refers to alterations that may have negative impact on the safety and
the performance of the repository, e.g. a significant increase in permeability. The EdZ refers
to a zone where the perturbations induce substantial changes in the stress and the pore water
pressures fields in the host rock however, the safety of the repository is not jeopardised. It
is expected to be of larger extent than that of the EDZ (Tsang et al., 2005). The current
research focuses on the disturbances occurring in these zones. An intersection of the disturbed
zones, induced by the excavation of adjacent tunnels, may put in danger the stability of the
repository. In addition, the function of the BC formation as a barrier against radionuclide
migration may be weakened.

The extent of these perturbations will be decisive for the design of a radioactive waste repos-
itory such as the design diameter of the galleries, the excavation method, the stiffness and
the thickness of the liner. It will also affect the dimensions and the layout of the facility, in
terms of allowable spacing between individual galleries and between the waste disposal drifts
connected to them. The implications of the aforementioned on the feasibility of the project,
in terms of stability, safety and cost are apparent.

Apart from conducting in-situ measurements during a tunnel excavation and aside from per-
forming laboratory tests on BC samples, the use of material models and geotechnical programs
is indispensable for examining and predicting the soil-repository system response, which will
be critical for the design of the radioactive waste facility.

For numerically simulating a tunnel excavation in the BC formation, the available soil models
need to be evaluated regarding their ability to capture the response of the BC material
sufficiently. Also, with increase of sophistication in the models commonly the number of
required parameters increases, some of which may have little or no physical meaning. Thus,
some parameters may be difficult and costly to be determined in the laboratory or in-situ.
In addition, the amount of information on the BC is limited as there is scarcity of data
at a depth of 500m, where the repository is planned to be constructed in the Netherlands
(Figure 2-2). Therefore, identifying the material properties that influence the results of the
numerical analyses the most is essential, for reasons of lowering the level of complexity of
further testing procedures and design analyses.

1-4 Research questions and research approach
In this section, an attempt to address the problems described in Section 1-3 is described.
These issues can be summarised and posed as questions, as follows:

• Which of the available soil models captures the known aspects of the mech-
anical behaviour of natural Boom Clay, relevant to tunnelling conditions,
the best?

• How do the Boom Clay property values, used as model input parameters,
influence the results of the numerical simulation of an undrained tunnel
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excavation?

• Which Boom Clay property values, used as model input parameters, in-
fluence the numerical results the most, in terms of extent of the hydro-
mechanical disturbance and tunnel liner forces?

The first step for answering the research questions is to perform a literature review on existing
data for BC. First the geography, the geological setting, the mineralogy and the physical
properties of BC are investigated. Subsequently, the mechanical response of the BC material is
examined, in terms of mobilised shear strength, evolution of the stiffness, volumetric response,
swelling potential and anisotropy. Information on the hydraulic conductivity of BC is also
obtained. Finally, ranges of geotechnical BC property values, which are obtained from the
literature review, are summarised.

The first research question is addressed by numerically simulating three conventional, drained,
strain-controlled compression triaxial tests at different values of the Over-Consolidation Ratio
(OCR), and of one high pressure oedometer test, performed by Deng et al. (2011b) on intact
BC samples originating from the Essen site, in the north of Belgium (see Figure 2-1). The
lab test facility of the finite element program PLAXIS 2D 2011 (Plaxis, 2011b) is utilised for
this purpose. The Linear Elastic Perfectly Plastic-Mohr Coulomb (LEPP-MC) model, the
Modified Cam-Clay (MCC) model, the Soft Soil-Creep (SS-C) model and the Hardening Soil
(HS) model are calibrated and subsequently assessed against the test data. The model that
is considered to perform the best is selected and studied in more depth for gaining a better
insight into its response. This is achieved by describing in detail the model formulation and
by investigating the influence of selected model input parameters on the numerical results of
the triaxial test simulations.

For addressing the second research question an undrained tunnel excavation is simulated in
two-dimensional plane strain conditions with the PLAXIS 2D 2011 finite element program.
A mechanical sensitivity analysis is performed, during which the values of specific input
parameters of the selected constitutive model are changed individually. Each parameter is
given a lower bound value, an upper bound value, and a mean value, which are derived from
the literature review on the BC material. The effect of the model input parameters on the
numerical results is examined. The latter concern the resulting stress paths and the evolution
of the shear stiffness of the soil close to the excavation as well as the profiles of the generated
stresses and the pore water pressures in the proximity of the tunnel. The performance of
the numerical results is assessed with respect to the radial extent of the hydro-mechanical
disturbance around the excavation and the hoop forces in the tunnel liner.

Regarding the third research question, the most influential BC property value is considered
to be the one which, when varied, causes a larger change in the value of a numerical result
than the changes induced by all other varied BC property values.

The findings of the current study are complemented with conclusions and recommendations
for further research.
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Chapter 2

Characterisation of Boom Clay

2-1 Introduction
The suitability of the Boom Clay (BC) formation for the disposal of radioactive waste is
attributed to its low hydraulic conductivity, its capability of retaining, adsorbing and lowering
the solubility of radionuclides and to its self-sealing and self-healing capacity (Horseman et al.,
1987; Bastiaens et al., 2007).

However, the present research is focused on examining the geomechanical and geotechnical
aspects relevant to the construction of an underground nuclear waste facility, namely the
hydro-mechanical behaviour of the soil, manifested during the excavation of the repository.
Thus, only the geotechnical features of the BC material are discussed.

The scope of this section is to provide selective reference literature and information on the
characteristics of the BC, so that the reader will be able to have a critical view of the discussion
on evaluating the ability of the used soil models to capture the real response of the material
and of the modelling approach used for simulating the tunnel excavation.

A brief description of the geological setting and the physical properties of the BC is given in
Sections 2-2 and 2-3. The hydro-mechanical characteristics of the BC and the response of the
material, as observed and measured in laboratory tests, are presented in detail in Section 2-4.
The chapter is concluded with a summary in Section 2-5.

2-2 Geological setting
2-2-1 Geography

The BC formation is a marine deposit of the Tertiary Rupelian age of the Oligocene epoch,
which spans the subsurface of north-east Belgium (Figure 2-1) and almost the whole of the
Netherlands (Figure 2-2). A minor part of it outcrops along a zone at its south-west end
(Belgium), then enters the subsurface with a dip of 1-2% to the north-east until the North
Sea basin (Dehandschutter et al., 2005).
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6 Characterisation of Boom Clay

Figure 2-1: The Boom Clay formation in Belgium, with its depth and thickness (Arnold et al.,
2014).

2-2-2 Stratigraphy

BC is generally characterised as a stiff, plastic, lightly over-consolidated (LOC) clay. The over-
consolidation may not be attributed to the erosion of the strata overlying the BC formation,
i.e. the removal of overburden. Instead, it may be ascribed to secondary compression and

Figure 2-2: The Boom Clay formation in the Netherlands, with indication of its depth (CORA,
2001a).
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diagenetic processes (Horseman et al., 1987). BC is also characterised by sedimentation-
induced sub-horizontal bedding (Dehandschutter et al., 2004).

The BC formation is divided into four stratigraphic units, the first being the closest to the
ground surface (Yu et al., 2013):

• the Boeretang Member (or the Transition Zone), which is silty, and has a thickness of
approximately 25.1m,

• the Putte Member, about 46m thick, characterised by high organic content,

• the Terhagen Member, some 15.6m thick, with the lowest amount of coarse-grained
material, and

• the deepest, the Belsele-Waas Member, which is silt-rich and has a thickness of about
15.9m.

It should be mentioned that the estimated thickness of the stratigraphic units refers to the
Mol site (see Figure 2-1).

2-2-3 Mineralogy

The mineralogical composition of BC is shown in Table 2-1. The BC material consists mainly
of the clay minerals Kaolinite, Smectite and Illite, and the non-clay minerals Quartz, K-
feldspar, Na-plagioclase and Carbonates. A larger amount of clay minerals is present in
clayey units (members), whereas more non-clay minerals are found in silty layers (Yu et al.,
2013). The clay particles can be characterised flaky with large pores. They are arranged in
face-to-face or face-to-edge configurations, forming bending structures (Figure 2-3a, Yu et al.
2012).

Figure 2-3: Scanning Electron Microscopy (SEM) images of a BC sample, before (a) and after
(b) undrained shearing in a triaxial apparatus (Yu et al., 2012).
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Table 2-1: Composition of the main minerals of Boom Clay (Arnold et al.,
2014).

Definition Range [%] Source

Clay minerals 23− 71 1,2,6,7,8,9
Kaolinite 1− 36 1,2,5,7,9,11
Smectite 7− 56 1,2,4,5,11
Illite-Muscovite 1− 37 1,2,5,9,11
Vermiculite-Chlorite 1− 4 7,9

Non-clay minerals 34− 77 7,9
Quartz 20− 66 1,3,5,7,9,11
K-feldspar 0− 11 3,7,9,11
Na-plagioclase 0− 6.3 7,9,11
Carbonates 0.24− 5 7,10
Pyrite 0− 9.6 3,5,7,9,11
Siderite 0− 20.9 3,11

Sources: 1Decleer et al. (1983), 2Barnichon et al. (2000), 3De Craen et al.
(2000), 4Wildenborg et al. (2000), 5De Craen (2005), 6Gens et al. (2007),
7Li et al. (2007), 8Bock et al. (2010), 9Zeelmaekers et al. (2010), 10Deng
et al. (2011b), 11Honty and De Craen (2012)

2-3 Physical properties

The physical properties of the BC, for depth of 0m to 560m, are listed in Table 2-2.

Table 2-2: Summary of some of the physical properties of the Boom Clay for depth of 0m to
560m (Arnold et al., 2014).

Definition Symbol Unit Range Source

Bulk density ρ [kg/m3] 1900 – 2100 7,8,10,11,16,19,23
Dry density ρd [kg/m3] 1540 – 1780 1,4,5,8,9,10,14,22,23
Specific gravity Gs [-] 2.640 – 2.710 16,20,21
Porosity n [-] 0.204− 0.460 1,4,5,7,8,9,10,11,12,13,14,15,

17,19,22,24,25,26
Water content w [-] 0.095− 0.400 7,8,9,10,11,12,14,15,16,19,20,

22,23,25
Liquit limit wL [-] 0.541− 1.051 9,14,15,16,20,21
Plastic limit wP [-] 0.210− 0.330 2,3,6,9,15,16,18,20,21,25
Plasticity index IP [-] 0.312− 0.727 2,3,6,9,14,15,16,18,20,25
Sources: 1Baldi et al. (1987), 2Horseman et al. (1987), 3Baldi et al. (1988), 4Baldi et al. (1991a),

5Baldi et al. (1991b), 6Sultan (1997), 7Rijkers et al. (1998), 8Barnichon et al. (2000), 9Wildenborg
et al. (2000), 10De Bruyn and Labat (2002), 11Mertens et al. (2004), 12Bastiaens et al. (2006),
13Bernier et al. (2007a), 14Gens et al. (2007), 15Li et al. (2007), 16Piriyakul and Haegeman (2007),
17Desbois et al. (2009), 18François et al. (2009), 19Bock et al. (2010), 20Deng et al. (2011b), 21Lima
(2011), 22Gens (2012), 23Yu et al. (2012), 24Aertsens et al. (2013), 25Bésuelle et al. (2013) 26Yu
et al. (2013),
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2-4 Hydro-mechanical properties and constitutive response
The BC material exhibits a specific hydro-mechanical behaviour, which is of particular im-
portance for the design, excavation, operation and long-term performance of an underground
radioactive waste facility. The constitutive behaviour and the hydro-mechanical properties of
the BC are discussed in this section, based on results of triaxial tests, an oedometer test and
tests in the hollow cylinder apparatus, reported in the literature.

2-4-1 Friction angle and cohesion

The BC exhibits different values of effective friction angle (ϕ′) and effective cohesion (c′),
depending on the magnitude of confinement it undergoes when subjected to shearing in triaxial
compression. At low and intermediate confining (with respect to the in-situ) stresses, ϕ′ is
larger, accompanied with almost zero c′. Conversely, at high confining stresses (comparable
with the in-situ) ϕ′ reduces and c′ increases.

This behaviour can be illustrated by the curved failure envelopes, resulting from triaxial tests
performed on BC samples, in the deviator stress (q) versus mean effective stress (p′) plot in
Figure 2-4. The failure envelopes of the intact material become less inclined beyond a level of
mean effective stress, which implies a decrease in ϕ′ and an increase in the intercept on the
q – axis (hence an increase in c′). This behaviour may be explained by the orientation of the
fine particles of the BC in the direction of shear. Bishop et al. (1965), who performed triaxial
tests on natural stiff London Clay samples, suggested (based on the work of Skempton, 1964)
that at low confining stresses, the transition from peak to strain softening in a q versus axial
strains (εa) diagram is ascribed to the fact that the clay particles assume an orientation
parallel to the direction of shearing with increasing strains. It was also proposed that at

Figure 2-4: Failure envelopes for the BC material, originating from Essen and Mol, in the mean
effective stress (p′) versus deviator stress (q) plane (Deng et al., 2011b).
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Figure 2-5: Deviator stress (q) versus axial strain (εa), for undrained triaxial tests performed on
BC samples (CU1, CU2 and CU3) originating from Mol (Digitised from Yu et al., 2012).

large confining stresses, this change has already occurred at the moment the maximum shear
strength is reached. Strain softening does not take place, since the friction angle has already
reached its constant volume value. It should be noted that such phenomenon is not observed
for the reconstituted BC material (Figure 2-4), owing to the fact that the micro-structure of
the natural soil is lost. Also, based on this plot, it can be deduced that φ′ may decrease and
c′ may increase with depth (increase in confining stress).

The change in orientation of the clay particles can be demonstrated by investigating the
micro-structure of the BC before and after shearing. Figure 2-3 showed Scanning Electron
Microscopy (SEM) images of a BC sample from the HADES URF, subjected to a consolidated-
undrained triaxial test, performed by Yu et al. (2012). The part of the sample, from which
the images are taken, is not specified. Before the test, the clay particles are arranged in
face-to-face or face-to-edge configurations, without specific orientation (Figure 2-3a). After
shearing however, the particles become oriented and assume a denser, face-to-face configur-
ation (Figure 2-3b). It should be mentioned that in all performed tests, the samples exhibit
peak and strain softening in εa − q plots (Figure 2-5). Therefore, the suggestion of Bishop
et al. (1965) cannot be justified by utilising the SEM images of Figure 2-3.

Deng et al. (2011b) proposed that the larger shear strength of the intact BC from Mol,
compared to the reconstituted material of the same origin and to the soil from Essen, may
be attributed to the higher carbonate content of the first. It was also suggested that the
cementation induced by the carbonates, leads to increase in the shear strength of the material.
However, the cemented bonds are destroyed when the soil is reconstituted.

2-4-2 Stiffness, mobilised shear strength and volumetric response

In this section the results of three conventional consolidated-drained, strain-controlled triaxial
tests, performed by Deng et al. (2011b) on a BC core from the Essen site in Belgium (Figure 2-
1), are examined. The results of these tests are used to assess the evolution of the soil
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2-4 Hydro-mechanical properties and constitutive response 11

stiffness and mobilised shear strength, as well as its volumetric response under triaxial stress
conditions.

2-4-2-1 Material description

The BC material was obtained from a (presumably) vertical borehole, at depth between
218.91m and 219.91m, where the Putte member (Section 2-2-2) is present. The core, which is
referred to as Ess75, was stored in a plastic sealed tube and then transferred for laboratory
testing. Its physical properties and mineralogical composition of the clay fraction, which
comprises 44 % of the total weight, are shown in Tables 2-3 and 2-4, respectively.

2-4-2-2 Sample preparation and triaxial tests specifications

The cylindrical soil specimens used for triaxial testing were trimmed with a wire saw to a
height of 76mm and a diameter of 38mm. The samples were installed in the triaxial apparatus
with the use of dry porous stones. Then a confining pressure, equal to the in-situ vertical
effective stress of σ′v0 = 2.2MPa, was imposed and kept constant during saturation, in order
for the sample not to lose its structure due to swelling. The soil specimen was isotropically
consolidated, as the in-situ value of the coefficient of earth pressures at rest (K0) was assumed
to be equal to 1. The sample was saturated with synthetic water of the same composition as
the in-situ water. Finally, equal steps of confining and back-pressure were applied, in order
for the mean effective stress to remain constant and equal to σ′v0, until a back-pressure of
1MPa was reached.

Consolidated-drained, strain-controlled triaxial tests were performed on three samples from
core Ess75. The axial strain rate (ε̇a) during shearing was kept constant, equal to 1.31 ×
10−5/min. The test specifications are summarised in Table 2-5. In the first test (Ess75Tr01 )
the soil specimen was immediately sheared, thus with an OCR equal to 1, until an axial strain
of εa ≈ 17.04%. In the second test (Ess75Tr02 ) the sample was isotropically unloaded to p′
= 1MPa (OCR = 2.2) and then sheared up to εa ≈ 18.87%. For the third test (Ess75Tr03 )
the specimen was isotropically unloaded to p′ = 0.5MPa (OCR = 4.4) and shearing followed
until εa ≈ 18.48%. The test results are shown in εa−q, volumetric strain (εv) versus εa, p′−q
and p′− εv diagrams in Figure 2-6. It should be mentioned that, although the BC material is

Table 2-3: Physical properties of core Ess75 (Deng et al., 2011b).

Definition Symbol Value

Specific Gravity Gs 2.65
Liquid Limit wL 78%
Plastic Limit wP 33%
Plasticity Index IP 45%
Water content w 29.7%
Initial void ratio e0 0.785
Degree of Saturation Sr 100%
Methylene Blue MB 6.47
Carbonate Content CC 0.91%
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12 Characterisation of Boom Clay

Table 2-4: Mineralogical composition of the clay fraction (< 2µm) of core Ess75 (Deng et al.,
2011b).

Mineral Content (%)

Chlorite 5
Caolinite 35
Illite 20
Smectite 10
Illite/Smectite 30

characterised as LOC (Section 2-2-2), the soil from Essen was found to behave as NC by Deng
et al. (2011b), after inspecting the results of isotropic compression tests in e−logp′ plots.

2-4-2-3 Discussion on the results of the Ess75 triaxial tests

Some general comments can be made on the behaviour of the BC material of the Ess75 core,
based on the q − εa and εa − εv plots of Figure 2-6.

• The soil behaviour is non-linear throughout the tests.

• The material response, in terms of mobilised shear strength, stiffness evolution and
volume change, is highly dependent on the level of the confining stress and the amount
of over-consolidation.

• The soil stiffness decreases with increasing εa. This decrease is less significant for
εa ≤ 0.8%.

In the case of test Ess75Tr01, the soil exhibits the stiffest response and the shear strength
is mobilised the most (Figure 2-6b). This can be explained by the high level of confinement
(σ′3 = 2.2MPa) and the low value of OCR (=1) during the execution of the test. In addition,
the response of the soil is more ductile due to the Normally Consolidated (NC) conditions,
which leads to the development of the largest εv (Figure 2-6d). It can be concluded that the
evolution of the stiffness and the mobilised shear strength of the material is stress dependent.

It seems that the specimen has not reached the critical (or constant volume) state, as it
continues to contract (Figure 2-6d). In addition, the deviator stress has not reached a plateau
in Figure 2-6b, probably due to the large confining stress. More shearing (larger strains) is
needed for the material to fail.

Table 2-5: Specifications of the triaxial tests performed by Deng et al., 2011b on the samples
from the Ess75 core.

Test Ess75Tr01 Ess75Tr02 Ess75Tr03

Isotropic consolidation stress [MPa] 2.2 2.2 2.2
Pressure after isotropic unloading [MPa] 2.2 1.0 0.5
Over-Consolidation Ratio [-] 1.0 2.2 4.4
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2-4 Hydro-mechanical properties and constitutive response 13

Figure 2-6: Results of the triaxial tests on BC of the Ess75 core. p′0 is the isotropic consolidation
stress before the initiation of shearing, p′ is the mean effective stress, q is the deviator stress, εa
is the axial strain and εv is the volumetric strain (After Deng et al., 2011b).

In test Ess75Tr02 the soil sample exhibits a less stiff behaviour and lower mobilised shear
strength than in the NC case. Moreover, peak and strain softening is observed in Figure 2-6b,
which promote the development of plastic deformations along the shear bands of the specimen.
The softer response and the lower level of mobilised shear strength are attributed to the smaller
confining stress (σ′3 = 1.0MPa) and the higher value of OCR (=2.2). The exhibited peak and
strain softening is ascribed to the more brittle soil in Over-Consolidated (OC) conditions. The
more ductile material response can be further justified by the smaller amount of volumetric
strains, compared to the results of test Ess75Tr01 (Figure 2-6d). Similarly to the NC case,
neither the contraction of the specimen has ceased nor the deviator stress has reached a
plateau, which, again, may be ascribed to the high level of confinement.

In test Ess75Tr03 the material behaviour is the least stiff and the mobilised shear strength
is the lowest. Peak and strain softening is observed in Figure 2-6b. The same explanations
given and observations made for test Ess75Tr02 apply in this case as well. Moreover, the soil
response is dilatant, with a dilatancy angle ψ = 2◦. This is due to the OC conditions during
the test and due to the OCR = 4.4 being larger than that of test Ess75Tr02 (OCR = 2.2).
The dilatancy angle is determined by the inclination of the linear part of the εa − εv curve
(Figure 2-6d) after increase in εv occurs, according to δεv/δεa = 2sinψ/(1-sinψ).

The values of the initial Young’s moduli (E0) for tests Ess75Tr01, Ess75Tr02 and Ess75Tr03
were found to be by Deng et al. (2011b) equal to 103.8MPa, 50.0MPa and 30.8MPa, re-
spectively. A ϕ′ = 12.4◦ and a c′ = 0.11MPa were also determined. The friction angle was
back-calculated from the inclination, M , of the second branch of the failure envelope of the
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14 Characterisation of Boom Clay

material (slope of the dotted line in Figure 2-4 from about p′ = 1.0MPa to p′ = 3.6MPa),
according to:

ϕ′ = arcsin ( 3M
6 +M

) (2-1)

The effective cohesion was determined from the value of the intercept on the q-axis (c∗), which
resulted from extending the linear part of second branch of the failure envelope, as follows:

c′ = c∗ × (3− sinϕ′)
6cosϕ′ (2-2)

2-4-3 Swelling potential in triaxial stress conditions

The BC material exhibits a high tendency to increase in volume (swelling potential) when
unloaded, which affects the stiffness and ductility of the tested samples. Its propensity to
swell is attributed to the presence of swelling clay minerals such as smectite and illite (Yu
et al., 2012).

Bésuelle et al. (2013) performed a series of drained triaxial tests on BC material cored from
the HADES URF in Mol, at depth of 223m (σ′v0 ≈ 2.3MPa). The specimens were isotropically
consolidated at different confining stresses, for reasons of investigating the effect of the level
of confinement on the swelling rate. In addition, the duration of the isotropic consolidation
before shearing was varied in order to examine the influence of the duration of swelling on
the ductility of the soil. The process of isotropic consolidation for one of the tested specimens
(sample BC07) is shown in Figure 2-7.

The effect of the magnitude of the isotropic consolidation pressure on the rate of swelling of
the material is illustrated in Figure 2-8. Bésuelle et al. (2013) observed that an increase in
the isotropic effective pressure leads to a decrease in the swelling rate. The latter becomes
zero when the soil is NC, i.e. at a pressure of 5MPa, which was estimated to be the isotropic
pre-consolidation pressure (pc).

Figure 2-7: Applied pressure versus elapsed time diagram for the phase of isotropic consolidation
on a BC specimen originating from Mol (Bésuelle et al., 2013).
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2-4 Hydro-mechanical properties and constitutive response 15

Figure 2-8: Effect of the magnitude of the isotropic consolidation pressure on the rate of swelling
of the BC material. The measurements are taken after the relationship between the swelling rate
and the time of consolidation has become linear (Bésuelle et al., 2013).

The influence of the duration of isotropic consolidation, and thus the duration of swelling,
before shearing on the BC material is depicted in Figure 2-9. Samples BC08, 11 and 19 have
an OCR = 12.5, whereas specimens BC07, 12 and 20 are have an OCR = 2.17 (Bésuelle et al.,
2013). The axial strain rate during shearing was kept constant to 1 × 10−7/s for specimens
BC07 and 20 and it was increased to ε̇a = 1 × 10−5/s for sample BC12. However, the value
of ε̇a is not mentioned for the samples with OCR = 12.5. It is noted that comparison of the
results is meaningful only among the samples with the same value of OCR.

Bésuelle et al. (2013) observed that an increase in the swelling duration (termed "tiso") leads
to softer and more ductile response of the material, since the initial soil stiffness decreases
and the peak shear strength is exhibited at larger axial strains (Figure 2-9a). In addition,
they highlighted the fact that the volumetric strains increase and the dilatancy is weaker, a
fact that also demonstrates the more ductile behaviour of the specimens (Figure 2-9b). It was
concluded that an increase in the duration of swelling causes the soil to behave as if it were
less over-consolidated. Furthermore, it was suggested that the results for sample BC12 may
not be used for comparison as the high level of ε̇a could have caused undrained conditions.

2-4-4 Comparison of the response of BC in triaxial stress conditions at the Essen
and Mol sites

A comparison of results of triaxial tests performed on BC samples from different sites may
prove useful to evaluate the transferability of knowledge on the soil (Deng et al., 2011b). In
this section the results from the triaxial tests presented in Sections 2-4-2 (Essen site) and
2-4-3 (Mol site) are compared.

From Figures 2-6 and 2-9 it can be deduced that the non-linearity and the dependency of the
soil behaviour on the level of confinement as well as on the value of OCR is observable at both
sites. On the other hand, the specimen from Mol has a larger shear strength. For the samples
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16 Characterisation of Boom Clay

Figure 2-9: Triaxial tests results for different values of OCR and for varying duration of swelling
before shearing, for BC samples from Mol, in terms of deviator stress (q) versus axial strain (εa)
(a) and volumetric strain (εv) versus εa (b) diagrams. (Bésuelle et al., 2013).

from Mol with OCR = 2.17 (specimens BC07, 12 and 20 in Figure 2-9a), the peak deviator
stress is about 2.4MPa at a confining stress σ′3 = 2.3MPa, whereas its value is approximately
0.75MPa at σ′3 = 1.0MPa (OCR = 2.2) for the specimen from Essen (Figure 2-6b, Ess75Tr02 ).
This difference is attributed to the higher level of confinement for the former, which is also
responsible for its stiffer response. It should be mentioned that the axial strain rate is larger
for the triaxial tests conducted on the material from Essen (ε̇a = 1.31 ×10−5/min, compared
to ε̇a = 6 ×10−6/min for the samples from Mol). Therefore, the stiffer response of the BC
from Mol cannot be attributed to the rate of shearing.

The BC from Mol seems to be less ductile. In Figure 2-10 the digitised q−εa and εa−εv plots
of specimens BC20 from Mol and Ess75Tr02 from Essen (OCR = 2.17 and 2.2, respectively)
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Figure 2-10: Deviator stress (q) versus axial strain (εa) (a) and volumetric strain (εv) versus εa
(b) diagrams for a sample from Essen (Ess75Tr02, OCR = 2.2) and a sample from Mol (BC20,
OCR = 2.17) (Digitised from Deng et al., 2011b and Bésuelle et al., 2013, respectively).
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2-4 Hydro-mechanical properties and constitutive response 17

are depicted. The more ductile response of the latter is demonstrated by the absence of
dilatancy (Figure 2-10b), despite the lower level of confining stress (σ′3 = 1.0MPa for the
Ess75 specimen and σ′3 = 2.3MPa for the BC20 sample).

The specimens BC08, 11 and 19 from Mol (Figure 2-9) react stiffer and exhibit larger shear
strength, even though the confining stress is lower (σ′3 = 0.4MPa) than the one of specimen
Ess75Tr03 (σ′3 = 0.5MPa, Figure 2-6b). This may be ascribed to the higher carbonate content
of the soil from the Mol site (Section 2-4-1). Also, the specimens from Mol are more dilatant
(Figure 2-9b). It should be noted that the duration of isotropic consolidation for the soil
samples from Essen, which would allow for a better comparison of the triaxial tests results in
terms of swelling duration, was not provided from Deng et al. (2011b).

Moreover, whereas the isotropic pre-consolidation pressure of the BC from Essen was found
to be equal to the in-situ stress, this was not the case for the soil from Mol (pc = 2.17× p′0).

2-4-5 Response in oedometer stress conditions

In this section the mechanical behaviour of BC in one-dimensional compression is examined.
To this purpose, the results of one high pressure oedometer test, performed by Deng et al.
(2011b) on the same BC core from Essen which was used for investigating the soil response in
triaxial stress conditions (Section 2-4-2), are discussed. The presented results are considered
representative of the BC response in oedometer conditions.

The test is described in detail here as it will serve as a basis for the simulation in the lab
test facility of PLAXIS, in order to evaluate the ability of various soil models to capture the
behaviour of the material.

2-4-5-1 Sample preparation and oedometer test specifications

The BC sample was prepared by wire saw trimming cut to a height of 20mm and a diameter
of 50mm. Then, it was installed in the oedometer apparatus with the use of dry porous
stones. Before saturation with synthetic water, the soil was subjected to a vertical effective
stress equal to the in-situ value (σ′v0 = 2.4MPa), in order to prevent the sample from swelling-
induced destructuration. The performed oedometer test is referred to as Ess75Oedo1.

The oedometer test results are shown, in terms of void ratio (e) versus vertical effective stress
(σ′v) diagram in Figure 2-11, and in terms of σ′v – elapsed time and vertical displacement
– elapsed time diagrams in Figure 2-12. The dashed line connecting the two white circular
points in Figure 2-11 represents the loading of the sample under the in-situ stress before
saturation. After this initial phase, the soil was stepwise unloaded to a vertical effective
stress of 0.125MPa (path A–B). Then, it was reloaded to 16MPa (path B–C), unloaded to
0.125MPa (path C–D), reloaded to 32MPa (path D–E) and unloaded to 0.125MPa (path E–
F). Each loading step lasted until the rate of displacement was considered low enough, i.e.
equal to 0.01mm/h, which corresponded to 1.4 × 10−7/s for the considered test.

2-4-5-2 Discussion on the results of the oedometer test

Behaviour on unloading-reloading loops
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18 Characterisation of Boom Clay

Figure 2-11: Void ratio (e) versus logarithm of vertical effective stress (logσ′v) plot for the
oedometer test on the BC from core Ess75 (After Deng et al., 2011b).

One of the most distinctive features of the behaviour of the BC material in oedometer stress
conditions is the significant hysteresis it exhibits in unloading-reloading loops (Figure 2-11).
The "bilinear" shape of the σ′v − e graph is also noticeable. The inclination of the diagram is
initially smooth and becomes steeper with increasing (in the case of reloading) and decreasing
(in the case of unloading) vertical load.

Figure 2-12: Logarithm of vertical effective stress (logσ′v) versus elapsed time (a) and displace-
ment – elapsed time (b) plots for the oedometer test on the BC from core Ess75 (Deng et al.,
2011b).
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2-4 Hydro-mechanical properties and constitutive response 19

Cui et al. (2013) performed high pressure oedometer tests on Ypresian clay samples. The
results of one test on a specimen cored from a depth of about 330m are plotted in terms of a
σ′v − e graph in Figure 2-13. The clay fraction of the tested specimen accounted for 54% of
the total weight. In addition, the material comprised a significant fraction of the swelling clay
mineral smectite and of the smectite/illite mixture (32% and 12%, respectively). Also, the
plasticity index was found to be IP = 42%. The aforementioned values are similar to the ones
of the BC material from Essen (see Section 2-4-2, Tables 2-3 and 2-4). Moreover, Ypresian
clay is characterised as a stiff, natural clay, as is BC. Thus, the response of the Ypresian clay
sample may be expected to be similar to that of the BC from the Ess75 core. Subsequently,
the behaviour of the latter might be explained by the findings of Cui et al. (2013).

According to Cui et al. (2013), the "bi-linear" shape of the unloading-reloading loops in the
σ′v − e graph of Figure 2-13 may be attributed to the interplay between the mechanical and
physico-chemical processes that occur in the micro-structure of the material. An illustrative
representation of the interaction of the two processes, as well as their effect on the material
micro-structure in unloading-reloading paths, is shown in Figure 2-14. Cui et al. (2013)
suggested that the soil particles orientate parallel to each other during loading and they
assume a face-to-face contact configuration. It was proposed that the latter invigorates the
swelling potential, which leads to soil destructuration, exhibited by a face-to-edge arrangement
of the inter-particle contacts during unloading. Based on this line of reasoning, they suggested
an explanation for the response of the Ypresian clay in one dimensional unloading-reloading,
which follows below.

The points of transition in slope during unloading and reloading in Figure 2-13 correspond
to stresses, which are referred to as threshold stresses (σs1 to σs5). During unloading and
for σ′v > σunloads (= σs1−s3 in Figure 2-13, see also Figure 2-14) the slope is gentle, since the

Figure 2-13: Void ratio (e) versus logarithm of vertical effective stress (logσ′v) plot for a high
pressure oedometer test performed on an Ypresian clay sample. The threshold stresses (σsi) are
obtained from the intersection of the extended linear parts of the unloading and reloading branches
of the diagram (Cui et al., 2013).
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Figure 2-14: Void ratio (e) versus logarithm of vertical effective stress (logσ′v) plot for the
qualitative representation of the mechanical and physico-chemical processes that take place in an
unloading-reloading path, in an Ypresian clay. Their effects on the soil micro-structure are also
depicted. (M) denotes mechanically dominated process and (P-C) represents physico-chemically
dominated process. σreloads and σunloads are the threshold stresses in an unloading-reloading loop
(After Cui et al., 2013).

influence of the vertical load (mechanical effect) is more significant than the swelling pressure
exerted by the adsorbed water in the clay particles (physico-chemical effect). Conversely, the
effect of the swelling pressure becomes predominant for σ′v < σunloads and the inclination of
the σ′v − e plot increases substantially. Similarly, in the case of reloading, for σ′v < σreloads

(= σs4−s5 in Figure 2-13, see also Figure 2-14) the mechanical effect is counter-balanced by
the physico-chemical (induced by the preceding unloading path), leading to a small change in
the void ratio, whereas the latter decreases abruptly when σ′v surpasses its threshold value.

Compression and swelling indices

The compression index (Cc) was estimated by Deng et al. (2011b) to be equal to 0.378, by
computing the inclination of the linear part of the reloading path B–C (Figure 2-15). The
compression index is smaller for path D–E than for path B–C (Figure 2-11). Thus, the
compressibility of the material decreases, i.e. the soil reacts stiffer in the second reloading
path.

The swelling indices (Cs) were estimated by Deng et al. (2011b), by calculating the slope of
the linear branch of the unloading paths (Figure 2-15). Three values were determined for
paths A–B, C–D and E–F (Figure 2-11): 0.105, 0.165 and 0.158, respectively. The second
and the third are almost equal and larger than the one corresponding to the first unloading
path. This may be attributed to the larger swelling pressure, induced by the higher vertical
loads applied during the reloading paths B–C and D–E (Figure 2-11), as explained in the
previous section.

The ratio of the two indices (Cc/Cs) usually takes values from 5 to 10 (Brinkgreve, 2011).
For the largest and the smallest value of Cs, it becomes Cc/CsA−B = 0.378/0.105 = 3.60 and
Cc/CsC−D = 0.378/0.165 = 2.29, respectively, for the tested sample. This is much lower than
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Figure 2-15: Estimation of the compressibility parameters and the yield stresses from a void
ratio (e) versus logarithm of vertical effective stress (logσ′v) graph, for test Ess75Oedo1 (Deng
et al., 2011b).

the common range, owing to the large value of Cs, which is indicative of the strong swelling
potential of the BC material.

Yield and pre-consolidation stresses

The value of the vertical yield stress (σ′y) for the two loading paths B–C and D–E was
estimated to be 1.4MPa by Deng et al. (2011b) (Figure 2-15). This was much lower than
the corresponding vertical pre-consolidation stresses (σ′c = 2.4MPa and 16MPa for paths B–C
and D–E, respectively), as well as lower than the in-situ stress of σ′v0 = 2.2MPa. Note that
σ′c refers to the maximum applied stress for every unloading-reloading path (σ′v at point A
for the first and σ′v at point C for the second loop, see Figure 2-11). Based on these findings
Deng et al. (2011b) deduced that:

• σ′y is lower than the in-situ stress (σ′v0), probably due to swelling-induced destructuration
of the tested sample,

• the fact that σ′y 6= σ′c implies that these two quantities have a different meaning in the
case of the tested material and

• the OCR should be calculated based on σ′c, rather than on σ′y, in the case of the BC
from Essen.

2-4-6 Initial and induced anisotropy

The BC material has been found to exhibit initial and stress-induced anisotropy. The former
refers to the inherent anisotropy of the soil, which results from geological processes, such as
deposition as well as from the plastic strain history it has undergone. The second concerns
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its anisotropic behaviour owing only to the stress history. In order to discuss these aspects of
the BC response, the results of triaxial and hollow cylinder tests are presented.

2-4-6-1 Anisotropic behaviour of BC in triaxial stress conditions

Sultan et al. (2010) investigated the yield and plastic behaviour of BC and proposed a con-
stitutive model to account for the anisotropic BC response. Two series of triaxial tests on
samples originating from the HADES URF (Mol) were performed.

The first series comprised tests where the specimens were isotropically consolidated at differ-
ent confining pressures smaller than the estimated pre-consolidation stress, so as to prevent
yielding before shearing. The purpose of these tests was to generate the initial yield curve
of the material in p′ − q plane (Figure 2-16). The curve, which is normalised with respect
to the pre-consolidation stress, is oriented along the K0-line of the material. Based on the
previous research of other scholars, Sultan et al. (2010) concluded that this demonstrates the
anisotropy of the BC material in its natural state.

However, Sultan et al. (2010) mentioned that the isotropic pre-consolidation stress of the soil
(pc = 0.38MPa) was found to be much lower than the in-situ stress (σ′vo ≈ 2.4MPa). This
fact was ascribed to the swelling and thus to the loss of memory of the loading history of the
specimen, during the isotropic consolidation test performed for obtaining p′c. Assuming that
all tested samples experienced swelling, the yield curve of Figure 2-16 might not represent
the undisturbed state of the tested soil. Nevertheless, Sultan et al. (2010) suggested that the
fabric anisotropy did not seem to be influenced by swelling substantially.

The second series included triaxial tests, for which the soil samples were first isotropically
consolidated to a pressure of 9MPa, then isotropically unloaded to different p′ (therefore vari-

Figure 2-16: Yield curves of the BC at its initial state and after isotropic consolidation of the
samples at 9MPa. The former is normalised with respect to the maximum mean effective stress,
determined by the intersection of the K0-line with the initial yield surface and the latter with
respect to the maximum applied mean effective stress during the tests (p′ = p′c0 = 9MPa). q is
the deviator stress and K0 is the coefficient of earth pressures at rest (Sultan et al., 2010).
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ous values of OCR) and finally sheared. The resulting yield curve (dashed curve with crosses
in Figure 2-16), which is normalised with respect to the maximum applied pressure during
the tests (9MPa), is inclined towards the hydrostatic axis. Sultan et al. (2010) concluded
that this implies that the anisotropy of the material has vanished. It was also suggested that
the initial inclination of the yield curve decreases, and therefore anisotropy is erased, with
increasing level of confining stress.

2-4-6-2 Anisotropic behaviour of BC in a tunnel excavation reproduced in the hollow
cylinder apparatus

Labiouse et al. (2013) reproduced a tunnel excavation in the hollow cylinder apparatus with
BC samples originating from the HADES URF in order to investigate the Excavation Dam-
aged Zone (EDZ).

The hollow cylinder apparatus allows for imposing separately different stresses, water pres-
sures and drainage conditions at the central hole and the outer periphery of a hollow cylindrical
specimen. Thus, the simulation of initial undrained conditions as well as of the consolidation
stage of an excavation is possible (Labiouse et al., 2013).

Soil specimens, cored parallel and perpendicular to the bedding of the formation (see Sec-
tion 2-2-2), were initially subjected to the in-situ stress state, then underwent undrained
unloading, followed by a stage of pore water pressure equalisation (consolidation).

Figure 2-17 shows X-Ray Computed Tomography (XRCT) scans of the cross section at the
mid-height of a sample, which was cored parallel to the bedding, before and after unloading.
(Labiouse et al., 2013) observed that the inner and outer peripheries of the specimen converge
in an anisotropic manner. For the former, the displacements parallel to the bedding direction
(indicated by the black dashed lines in Figure 2-17b) are larger than the ones perpendicular
to it. For the latter, the displacements are larger perpendicular to the bedding.

Moreover, Labiouse et al. (2013) identified an eye-shaped pattern for the EDZ, after meas-
uring the radial displacements parallel and perpendicular to the bedding (Figure 2-18). The

Figure 2-17: X-Ray Computed Tomography (XRCT) scans of a cross section at the mid-height
of a BC sample cored parallel to the bedding (indicated by the back dashed lines), before (a) and
after (b) unloading in the hollow cylinder apparatus (Labiouse et al., 2013).
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Figure 2-18: Identification of the eye-shaped Excavation Damaged Zone (EDZ), based on the
radial displacements (solid black curves) measured parallel and perpendicular to the bedding
(Labiouse et al., 2013).

boundaries of the damaged zone were considered to be defined by the points at which abrupt
change occurred in the inclination of the displacements versus radial distance plots (solid
black curves in Figure 2-18).

It was concluded that these observations may be attributed to the inherent strength and
stiffness anisotropy of the material, which in turn result in the anisotropic behaviour at the
central hole and the outer periphery of the sample.

François et al. (2013) developed a constitutive model for simulating the BC response, sub-
jected to the hollow cylinder test described above. It was suggested that, as is the case
for sedimentary rocks, the shear strength of the material in terms of cohesion, depends on
the angle of the major principal stress with respect to the normal to the bedding: the soil
manifests its largest strength for an angle of 90◦, its smallest strength for an angle of 45◦
and an intermediate value for an angle of 0◦ (Figure 2-19). Based on this suggestion and by
considering that the major principal stress is expected to be the one tangential to the walls
of the excavation, it was deduced that the largest deviatoric plastic strains, and therefore
the highest convergence, will be observed at an angle of 45◦ with respect to the bedding,
within the plastic zone. On the contrary, the lowest strains will develop perpendicular to the
bedding. Intermediate displacements are expected for an angle of 0◦ (Figure 2-17b).

According to Graham and Houlsby (1983), natural LOC clays (thus clays similar to the soil
under consideration) usually exhibit elastic stiffness anisotropy. Such soils are characterised
as cross-anisotropic, meaning that they demonstrate different stiffness in two directions: per-
pendicular and parallel to the bedding. Since the BC from Mol has larger stiffness in the
direction of the bedding, the extent of the plastic zone around the central hole of the hollow
cylindrical specimen will be larger parallel to the bedding and smaller perpendicular to it
(Labiouse et al., 2013). That is because the soil yields earlier in the stiffer direction (for the
same strain increment, a larger stress increment occurs for a stiffer material). This might
explain the eye-shaped zone illustrated in Figure 2-18, which was also observed during the
construction of the connecting gallery at the HADES URF (Volckaert et al., 2004). This
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Figure 2-19: Development of the magnitude of the effective cohesion (c′), according to the angle
between the major principal stress and the direction normal to the bedding (ασ1) (François et al.,
2013).

shape may also be attributed to the propensity of the soil to develop shear bands (strain
localisation) in the direction parallel to the bedding (François et al., 2013).

The opposite pattern observed at the outer periphery of the sample (contraction perpendic-
ular to the bedding, Figure 2-17b) was partly explained by the elastic anisotropy of the BC
material. Results of numerical analyses performed by François et al. (2013) showed that the
part of the soil situated within the damaged zone experiences plastic swelling (displacements
towards the central hole), whereas the rest of the material undergoes elastic contraction. The
latter was attributed to stress redistribution from the (predominantly) plastic zone towards
the (mainly) elastic zone. It was proposed that larger contraction is expected in the direction
with lower stiffness, i.e. perpendicular to the bedding.

Regarding the test of the sample cored perpendicular to the bedding planes, no displacements
were measured. However, the results of this test were not considered trustworthy, since it was
interrupted at its first stage (generation of in-situ stress conditions).

Another test performed on a specimen cored perpendicular to the bedding, which had a
distinct crack along its whole height and diameter, lead to results similar to those of the sample
cored parallel to the bedding: the largest convergence in the central hole was observed in the
direction of the discontinuity, whereas the displacements at the outer periphery of the sample
developed perpendicular to the crack. It was deduced that, when planes of weakness (which
may be either the bedding or cracks/fissures) are present, the response of BC is expected to
be dominated by them, during tunnel excavation.

The anisotropic response of BC in tunnelling conditions is also expected to arise from the
initial stress field and the different hydraulic conductivities (Section 2-4-7), therefore the
different pore pressure distribution, in the horizontal and the vertical directions (Bastiaens
et al., 2007).
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2-4-7 Hydraulic conductivity

The permeability (k) of BC is low with values in the order of magnitude of 10−12m/s (e.g. Yu
et al., 2013; Bastiaens et al., 2007), which is a crucial barrier function against radionuclide
migration. The relationship between k and e may be described by an equation proposed by
Deng et al. (2011a):

k = 3.2× 10−9

w2.9
L

103.56e (2-3)

where wL is the liquid limit and e is the void ratio. An average value of the permeability
change index was found to be ∆e/∆logk=0.3.

Deng et al. (2011a) investigated the permeability of BC samples from Essen with three tech-
niques: isotropic compression (in a triaxial apparatus), high pressure oedometer and constant
head percolation tests. They concluded that a linear relationship exists between k and e, when
the former is plotted in logarithmic scale (Figure 2-20) and they suggested that the permeab-
ility is not influenced by the loading path the material has undergone. Nevertheless, this may
not hold true for the data obtained from the oedometer test (white circles, purple squares
and black crosses in Figure 2-20) as a change in inclination is visible.

The conclusion drawn by Deng et al. (2011a) also contradicts the findings of Bésuelle et al.
(2013), according to whom the logk − e diagram is bilinear and loading history dependent.
(Figure 2-21). The data, produced by an isotropic compression test on BC samples for
pressure ranging from 1MPa to 32MPa, can be fitted by two lines with different inclinations.
It was suggested that the point of change in slope marks the transition from over-consolidation
(smaller inclination) to normal consolidation (larger inclination), as observed in a logp′ − e
diagram.

Deng et al. (2011a) and Bésuelle et al. (2013) concluded that the hydraulic conductivity

Figure 2-20: Logarithm of permeability
(logk) versus void ratio (e) diagram for a
BC sample from Essen, derived from 3 dif-
ferent techniques (Deng et al., 2011a).

Figure 2-21: Void ratio (e) versus logar-
ithm of permeability (logk) diagram from
an isotropic compression test on BC mater-
ial from Mol (Bésuelle et al., 2013).
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Figure 2-22: Variation of the logarithm of the vertical permeability (kV , in m/s) in the BC
formation, according to depth and location (see Figure 2-1). The reference depth is the level of
the HADES URF. Tr.zone refers to the Boeretang member (Jeannée et al., 2013).

decreases with increasing p’ (indicated by the decreasing void ratio in Figures 2-20 and 2-21).
The latter mentioned that k reduces even on unloading (triangle in Figure 2-21), due to the
water being adsorbed by the clay particles during swelling of the soil sample.

Measurements performed at the HADES URF, have shown that the permeability of BC is
larger in the horizontal than in the vertical direction by approximately a factor of 2, i.e.
kH ≈ 2kV (Bastiaens et al., 2007).

The hydraulic conductivity of BC varies according to the considered stratigraphic unit and
location. Figure 2-22 shows the variation in vertical hydraulic conductivity of BC with depth,
at 6 locations (shown in Figure 2-1) in Belgium. The hydraulic conductivity is expected to
take larger values within the Boeretang and the Belsele-Waas members, as they contain larger
fractions of silt and sand (Section 2-2-2). On the other hand, the permeability is lower in the
Putte and Terhagen member, in which coarse-grained material is less present.
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2-4-8 Ranges of geotechnical BC property values

In Table 2-6 ranges of geotechnical BC property values found in the literature are summarised.
These values have been acquired through laboratory tests or in-situ measurements at different
sites in Belgium and the Netherlands, for a depth ranging from 200m to 560m. The wide
parameter ranges may be attributed to the different depths and to the varying geological
settings such as different stratigraphic units or mineralogical composition.

Table 2-6: Ranges of values of the geotechnical properties of the BC material, for depth of 200m to 560m
(After Arnold et al., 2014).

Definition Symbol Units Range of values Source

Strength
Effective friction angle ϕ′ [◦] 2.1− 18.0 2,5,6,7,8,9,10,11,

12,14,15,18
Drained cohesion c′ [MPa] 0.080− 1.818 5,6,7,8,9,11,12,15
Undrained cohesion cu [MPa] 0.164− 1.823 5,6,10,12

Stiffness
Drained Young’s modulus E′ [MPa] 150− 500 7,8,11,12,14,18
Undrained Young’s modulus Eu [MPa] 200− 400 10
Compression index Cc [-] 0.123− 0.530 1,15,17,18
Swelling index Cs [-] 0.041− 0.216 1,15,17,18

Volumetric response
Drained Poisson’s ratio ν ′ [-] 0.125− 0.450 2,4,5,7,8,11,14,16
Dilatancy angle ψ [◦] 0− 11 8,11,18

Permeability
Horizontal permeability kH [m/s] 2.00E-12 – 6.22E-10 3,10,12,13
Vertical permeability kV [m/s] 1.00E-12 – 5.43E-10 3,10,12,13
k-anisotropy - [-] 1.04 – 3.51 13
Sources: 1Horseman et al. (1987), 2Laloui (1993), 3Rijkers et al. (1998), 4Romero (1999), 5Barnichon et al.

(2000), 6Wildenborg et al. (2000), 7Mertens et al. (2004), 8Volckaert et al. (2004), 9Coll (2005), 10Bastiaens
et al. (2006), 11Bernier et al. (2007a), 12Li et al. (2007), 13Labat et al. (2008), 14François et al. (2009),
15Deng et al. (2011b), 16Lima (2011), 17Yu et al. (2012), 18Bésuelle et al. (2013)
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2-5 Summary
In this chapter the hydro-mechanical response and material properties of Boom Clay was
examined. It is noted that only limited information is available, especially from samples ob-
tained at depths appropriate for disposal of radioactive waste. After briefly presenting its
geological setting and its physical properties, a discussion on the geotechnical and geomech-
anical aspects of the soil under consideration was made by utilising the results of triaxial,
oedometer and hollow cylinder tests.

First the strength parameters of the soil were considered. The magnitudes of the effective
friction angle (ϕ′) and the effective cohesion (c′) of the BC material were found to be con-
fining stress dependent in triaxial stress conditions. It was observed that for low levels of
confinement the friction angle is large, accompanied with almost zero cohesion. However,
when the confining stress increases beyond a certain value, ϕ′ decreases and c′ increases. This
was illustrated by means of a curved failure envelope in p′ − q plane.

Second the evolution of the stiffness, of the mobilised shear strength and the volumetric
behaviour of BC in drained triaxial conditions, was examined. It was found that the level of
confinement (σ′3) and the OCR are decisive on the response of the BC, in terms of stiffness,
shear strength mobilisation and ductility. An increase in σ′3 induces stiffer behaviour and
larger shear strength of the tested specimens. The ductility of the samples increases with a
decrease in OCR, which leads to more plastic volumetric strains and lower or zero dilatancy.
On the contrary, an increase in OCR induces the specimens to become more brittle and
dilatant. Furthermore, the OC specimens were found to manifest strain softening after the
peak deviator stress was reached. A notable non-linearity of the BC was observed for all
responses.

Investigation on the effect of the swelling duration before triaxial shearing on the response of
BC followed. It was shown that the swelling rate of the tested specimens becomes zero only
when the isotropic consolidation stress is equal to the pre-consolidation stress of the material,
i.e. when OCR = 1. It was demonstrated via triaxial tests results, that the duration of
swelling of the soil samples before shearing affected significantly the stiffness and ductility of
the material. An increase in the duration of swelling induced softer and more ductile (thus
less dilatant) behaviour of the specimens. The latter lead to the conclusion that an increase
in the duration of swelling causes the soil to behave as if it were less over-consolidated.

Subsequently, the results of triaxial tests on BC samples from two locations (Mol and Es-
sen) were compared. It was concluded that the non-linearity and the stress dependency of
the response of the material was common in both locations. Nevertheless, differences were
recognised, in terms of shear strength, stiffness and ductility.

The response of the material in oedometer stress conditions was investigated. It was observed
that the soil exhibits substantial hysteresis loops when subjected to unloading-reloading paths.
This was attributed to the strong swelling potential of the BC, as evident by the large values
of the swelling index (Cs). Finally, it was noted that the yield stress (σ′y) estimated from the
oedometer test results should not be used for determining the OCR, as is usually the case,
since it was found to be much lower than the in-situ stress, probably owing to swelling-induced
destructuration. Instead, the vertical pre-consolidation stress (σ′c) ought to be used.

The anisotropic behaviour of BC was inquired, by reviewing results of triaxial and hollow
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cylinder tests. The former showed that the intrinsic anisotropy of the material is evident
by a yield locus inclined towards the K0-line in p′ − q plane. However, increasing confin-
ing stress causes rotation of the yield surface (and therefore plastic anisotropy) towards the
hydrostatic axis and the anisotropy diminishes. The results of hollow cylinder tests showed
the dependency of the BC response on the direction at which the samples were cored with
respect to the bedding plane. If the longitudinal axis of the specimen is parallel or at small
angles with respect to the bedding, the convergence around the central hole of the sample is
larger along this plane. On the contrary, the displacements perpendicular to the bedding are
smaller. Other sources of anisotropic behaviour may be the initial stress field, the anisotropic
permeability as well as the elastic cross-anisotropy, which is common for natural clays, as is
the BC.

Finally the hydraulic conductivity (k) of the BC material was discussed. First an equation
found in the literature was cited, which described the relationship of k with the void ratio (e).
It was concluded that they are positively related. Thus, a decrease in the void ratio due to an
increase in the mean effective stress leads to a drop in the value of the hydraulic conductivity.
The horizontal permeability was reported to be larger than the vertical by a factor of 2, at
the HADES URF. The variability of its values by stratigraphic unit and location was finally
presented.

The range of values of the geotechnical properties of the BC formation were listed. Large
ranges were observed, which are mainly attributed to varying depth and different geology-
related attributes of the material among sites such as mineralogy.
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Chapter 3

Validation of soil models for Boom
Clay

3-1 Introduction
For the simulation of the tunnel excavation in the Boom Clay formation, a soil model capable
of capturing the response of the material sufficiently needs to be selected. A constitutive
soil model may be considered sufficient insomuch as it is able to capture adequately the
most important aspects of the BC behaviour such as the dependency of the material stiffness
and mobilised shear strength on the stress level (see Section 2-4-2). However, the level of
complexity of the soil model needs to be acceptable both in terms of the required number of
the model input parameters as well as with respect to the cost and easiness of determining
them in laboratory or in-situ.

For these reasons, the response of four soil models has been evaluated by numerically simu-
lating three drained triaxial tests and one high pressure oedometer test, performed by Deng
et al. (2011b) on BC samples originating from Essen. These simulations have been conduc-
ted in the lab test facility of the PLAXIS 2D 2011finite element program (Plaxis, 2011b).
The investigated soil models were the Linear Elastic Perfectly Plastic-Mohr Coulomb (LEPP-
MC) model, the Modified Cam-Clay (MCC) model, the Soft Soil-Creep (SS-C) model and
the Hardening Soil (HS) model all for which the formulation is readily available in Plaxis
(2011a). The values of selected input parameters, of the soil model which was considered
to perform the best, were varied individually in order to investigate their influence on the
numerical results of the triaxial tests simulations. This aims to provide the reader with a
better understanding on the response of the selected constitutive model.

A short description of the evaluated soil models is given in Section 3-2. In Section 3-3,
a description of the set up of the triaxial and the oedometer tests in the lab test facility
of PLAXIS is given. Subsequently, the capabilities and limitations of each soil model are
analysed. The section concludes with the selection of the HS model, which is considered
to capture the BC response the best. A detailed description of the HS soil model, with
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consideration of its governing equations and its representation in stress-strain space is provided
in Section 3-4. Discussion on the influence of the advanced input parameters of the HS model
on the results of the triaxial tests simulations is made in Section 3-5. In Section 3-6 a brief
discussion on the limitations of the laboratory tests and of the numerical tool used, with
respect to the conditions expected during a tunnel excavation, is made. The chapter is
concluded with a summary in Section 3-7.

3-2 Brief description of the evaluated soil models
In this section the main aspects and the most usual applications of the evaluated soil models
are briefly discussed, that is, without considering their governing equations and their repres-
entation in stress-strain space. Further information on these models can be found in Plaxis
(2011a).

The LEPP-MC model

In the LEPP-MC model failure is characterised by the Mohr-Coulomb (MC) criterion. The
model response is linear elastic perfectly plastic, i.e. no elastic strains are generated after
yield. This model is considered to predict well the failure of soils (Brinkgreve, 2011). It may
be used in those failure problems, in which the previous strains are of limited relevance and/or
when unloading-reloading is not expected.

The MCC model

The MCC model was developed by Roscoe and Burland (1968) in the framework of critical
state soil mechanics. Its formulation is based on a logarithmic stress-strain relationship in
isotropic loading and unloading. The model is characterised by stress-dependency of stiffness
(linear relationship with stress) and by the generation of elasto-plastic strains after yield. The
evolution of the plastic strains is predicted with the use of a yield locus which forms an ellipse
in the p′ − q plane. The MCC model is deemed to perform best for NC clays and soft soils
(Brinkgreve, 2011).

The SS-C model

The SS-C model was developed by Vermeer and Neher (1999) in order to account for the time-
dependent behaviour of soft soils with low OCR, and is based on a logarithmic creep law for
1-dimensional loading. The main aspects of the model response are the stress-dependency of
stiffness (linear relationship with stress), the development of creep strains with the use of two
MCC-type yield surfaces and the use of the MC criterion for predicting the material failure
and the evolution of perfectly plastic strains. According to Vermeer and Neher (1999), the
SS-C model is suitable for predicting the settlement of soft soils due to secondary compression
as well as for predicting their creep behaviour when present in slopes.

The HS model

The HS model was formulated by Schanz et al. (1999) and it is based on the hyperbolic stress-
strain relationship for drained triaxial conditions proposed by Duncan and Chang (1970). It is
mainly characterised by a non-linear stress-dependency of stiffness. The model comprises two
yield surfaces for predicting the development of plastic strains in compressive and deviatoric
stress paths. The MC criterion is used to define failure. The HS model is considered suitable
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for geotechnical engineering applications, where unloading accompanied with shearing occurs
such as in tunnelling or deep excavation projects (Brinkgreve, 2011).

3-3 Evaluation of soil models with the lab test facility of PLAXIS
In this section the four soil models are evaluated regarding their ability to capture the BC
response by numerically simulating three triaxial tests and one oedometer test performed by
Deng et al. (2011b). First, the set up of the laboratory tests simulations is described. The
assessment of the performance of the models follows. Finally, the selection of the HS model,
which is deemed to reproduce the BC material behaviour the best, is explained.

3-3-1 Set up of the laboratory tests simulations

The laboratory tests used for the simulations were performed by Deng et al. (2011b) on
intact BC samples taken from cores originating from Essen. A detailed description of the
triaxial tests and the oedometer test specifications was given in Sections 2-4-2-2 and 2-4-5-
1, respectively. The results of the triaxial tests were presented by means of a εa − q plot
(Figure 2-6b) and a εa− εv plot (Figure 2-6d). The outcomes of the high pressure oedometer
test were illustrated by σ′v − e and time – displacement diagrams in Figures 2-11 and 2-12b,
respectively. These four plots have been digitised in order to obtain the input data required
for setting up the numerical simulations in the lab test facility of PLAXIS as well as to serve
as a basis for comparison with the later numerical results (see Sections 3-3-3 to 3-3-6). It
is noted that in the performed simulations one soil element is considered, i.e. no mesh is
generated. Further information on the lab test facility of PLAXIS can be found in Plaxis
(2011b).

Set up of the triaxial tests

Figure 3-1 shows the set up of the Ess75Tr01 triaxial test in the interface of the lab test
facility of PLAXIS. For all cases the test type was set to drained conditions, the direction

Figure 3-1: Example of input in the lab test facility of PLAXIS for the set up of the simulation
of the triaxial test Ess75Tr01 performed by Deng et al. (2011b).
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Table 3-1: Set up of the drained triaxial tests performed by Deng et al. (2011b) for the simulations
with the lab test facility of PLAXIS.

Test ID Cell pressure Isotropic consolidation stress Maximum axial strain
|σ3|[kPa] pc [kPa] |ε1| [%]

Ess75Tr01 2200 2200/2400(for SS-C) 17.04
Ess75Tr02 1000 2200 18.87
Ess75Tr03 500 2200 18.48

of loading to compression and the type of consolidation to isotropic. The elapsed time was
introduced only for the case of the SS-C model as it is the only model which accounts for
time-dependency. The level of mobilised relative shear strength (mob. rel. shear strength
in Figure 3-1), which was entered for the simulations with the HS model, was set to 0 (see
later Section 3-4-6-1). The isotropic consolidation stress before shearing, the (constant) cell
pressure during shearing and the maximum axial strains reached at the completion of tests
Ess75Tr01, Ess75Tr02 and Ess75Tr03 are presented in Table 3-1. It should be noted that a
value for the p′c could be introduced for the analyses with the LEPP-MC model. Moreover,
the p′c in the case of the simulation of the Ess75Tr01 test with the SS-C model was set to
2.4MPa (OCR ≈ 1.1) in order to prevent the model from predicting excessive creep volumetric
strains (Brinkgreve, 2011).

Set up of the oedometer test

In Figure 3-2 a part of the set up of the Ess75Oedo1 high pressure oedometer test in the lab
test facility of PLAXIS is shown. The total number of phases introduced is 65. The duration
of the phases, which was determined by digitising the σ′v – elapsed time plot (Figure 2-12a), is
relevant only for the simulations with the SS-C model. The configuration was kept constant
for the analyses with all other models, although they do not include time-dependency, in

Figure 3-2: Input in the lab test facility of PLAXIS for the set up of the simulation of the
oedometer test Ess75Oedo1 performed by Deng et al. (2011b).
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order to retain the comparability between the results obtained by Deng et al. (2011b) and
the numerical response in terms of the resulting displacements (Figure 2-12b). Furthermore,
the isotropic pre-consolidation stress was set to 0kPa since the first loading step (phase 1
in Figure 3-2), which was set to σ′v0 = 2400kPa (point A in Figure 2-11), was considered to
account for the initial stress conditions and, therefore, the initial position of the yield surfaces
of the MCC, the SS-C and the HS model. The resulting void ratio induced by this first step
was not taken into account. Instead, an initial void ratio of e = 0.7 (point A in Figure 2-11)
was considered.

3-3-2 Comments on the numerical simulations and the produced results

The calibration of the models was such that the best fit was obtained for all simulated tests
with the same set of the model input parameters.

For the LEPP-MC, SS-C and HS model, all which include the MC failure criterion, a friction
angle ϕ′ = 12.4◦ and a cohesion c′ = 110kPa, which were determined by Deng et al. (2011b),
were used for the analyses. A dilatancy angle ψ = 2◦, which was estimated from the εa − εv
diagram (see Section 2-4-2-3 and Figure 2-6d), was introduced for the simulation of the
Ess75Tr03 test, while it was kept equal to ψ = 0◦ for all other tests.

The results of the triaxial tests simulations and the outcomes of Deng et al. (2011b) are com-
pared for all models. For each of the Ess75Tr01, Ess75Tr02 and Ess75Tr03 tests, Figures 3-3
to 3-8 show the εa−q and the εa−εv diagrams. The resulting σ′v−e and time – displacement
graphs of the Ess75Oedo1 test are illustrated separately for every model, in Figures 3-9 to
3-14, for reasons of clarity.

3-3-3 Evaluation of the response of the LEPP-MC model

The MC failure criterion captures the value of q at the completion of the Ess75Tr01 test
with very high accuracy (Figure 3-3). It also reproduces the peak deviator stress (qp) in tests
Ess75Tr02 (Figure 3-5) and Ess75Tr03 (Figure 3-7) fairly well. The model accounts for the
stress dependency of the peak shear strength of the material, as it decreases for a decrease
in the value of the cell pressure (qp = 1.48MPa for σ′3 = 2.2MPa, qp = 0.82MPa for σ′3 =
1.0MPa and qp = 0.55MPa for σ′3 = 0.5MPa).

However, the LEPP-MC model cannot capture the dependency of the mobilised shear strength
and stiffness of the BC material on the confining pressure and the value of the OCR (see
Section 2-4-2). The non-linear response of the soil is not reproduced, as the model does not
predict elastoplastic strains after yield.

Furthermore, whereas the εv at the end of test Ess75Tr01 are captured with a good accuracy
(Figure 3-4), this does not hold true for the other tests (Figures 3-6 and 3-8). The results of
the simulation of the Ess75Oedo1 test are not presented since the calibration of the LEPP-MC
model with respect to this type of test had not been possible.

The best fit to the triaxial tests results was obtained with a value of E′ = 40MPa and a value
of ν ′ = 0.25. The values of ϕ′ and c′ have been kept constant to the ones obtained by Deng
et al. (2011b) (Section 3-3-2).
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Figure 3-3: Deviator stress (q) versus axial strain (εa) for the numerical simulations of the
Ess75Tr01 test with four soil models. The triaxial data (blue curve) have been digitised from
Deng et al. (2011b).
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Figure 3-4: Volumetric strains (εv) versus axial strain (εa) for the numerical simulations of the
Ess75Tr01 test with four soil models. The triaxial data (blue curve) have been digitised from
Deng et al. (2011b).
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Figure 3-5: Deviator stress (q) versus axial strain (εa) for the numerical simulations of the
Ess75Tr02 test with four soil models. The triaxial data (blue curve) has been digitised from Deng
et al. (2011b).
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Figure 3-6: Volumetric strains (εv) versus axial strain (εa) for the numerical simulations of the
Ess75Tr02 test with four soil models. The triaxial data (blue curve) have been digitised from
Deng et al. (2011b).
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Figure 3-7: Deviator stress (q) versus axial strain (εa) for the numerical simulations of the
Ess75Tr03 test with four soil models. The triaxial data (blue curve) have been digitised from
Deng et al. (2011b).
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Figure 3-8: Volumetric strains (εv) versus axial strain (εa) for the numerical simulations of the
Ess75Tr03 test with four soil models. The triaxial data (blue curve) have been digitised from
Deng et al. (2011b).

Michail Milioritsas Master of Science Thesis



3-3 Evaluation of soil models with the lab test facility of PLAXIS 39

3-3-4 Evaluation of the response of the MCC model

The MCC model is capable of capturing the non-linear response of the soil in the Ess75Tr01
test (Figure 3-3), with the BC being NC. Even though the stiffness and mobilised shear
strength of the material are initially underestimated and later overestimated by the MCC
model, the shape of the εa − q curve is similar to that of the real test. Furthermore, a slight
overestimation of εv can be observed in the εa − εv plot (Figure 3-4).

For the Ess75Tr02 test (OCR = 2.2), the evolution of the mobilised shear strength and
stiffness of the soil is not reproduced well before yield in either the εa − q space (Figure 3-5)
or the εa−εv space (Figure 3-6). On the other hand, strain hardening develops after yield and
the peak strength of the sample is predicted accurately. Moreover, the evolution of volumetric
strains is fairly well captured, as in the case of the Ess75Tr01 test.

In the case of the Ess75Tr03 test (OCR = 4.4) the material non-linearity is not captured well
before yield (Figures 3-7 and 3-8). The inclination of the εa − q curve (δq/δεa ≈ 9.25MPa
in Figure 3-7) has decreased with respect to the Ess75Tr02 test (δq/δεa ≈ 17.43MPa, see
Figure 3-5), which indicates the dependency of the stiffness on the level of confinement (σ′3 =
1.0MPa for the Ess75Tr02 test and σ′3 = 0.5MPa for the Ess75Tr03 test). The value of the
peak strength is very similar to that of the real test however, it is exhibited at much smaller
εa and therefore the predicted soil stiffness is very low. Strain softening occurs after yield, an
aspect of the BC which is accounted for, qualitatively, only by the MCC model. The response
in the εa − εv diagram (Figure 3-8) is not well reproduced.

The response of the MCC model for the Ess75Oedo1 test, in terms of σ′v − e and time –
displacement plots is shown in Figures 3-9 and 3-10. The inclination of the virgin compression
line is very similar to that of the real data (Figure 3-9). The same holds true for the void
ratio and the displacements (Figures 3-9 and 3-10, respectively) at the points C, D and E.
Nevertheless, the model predicts very strong swelling during the first unloading path (A–
B). Also, the significant hysteresis of the BC material during the unloading-reloading loops
(Section 2-4-5-2) is not captured (Figure 3-9).

The best fit for the MCC model was obtained for a slope of the normal compression line λ =
0.12, a slope of the un-/reloading line κ = 0.10, a slope of the critical state line M = 0.606
and an unloading-reloading Poisson’s ratio νur = 0.35.

3-3-5 Evaluation of the response of the SS-C model

The SS-C model predicts initially a softer and afterwards a stiffer response of the material
in the εa − q diagram for the Ess75Tr01 test (Figure 3-3). The non-linear response of the
soil is reproduced however, failure of the material is reached at a lower level of εa. Severe
divergence from the results obtained by Deng et al. (2011b) is observed in the εa − εv plot
(Figure 3-4), even though an OCR ≈ 1.1 (larger than OCR = 1.0, which is the case for the
Ess75Tr01 test) has been used (see Section 3-3-1). This may attributed to the prediction of
large initial creep strain rates by the SS-C model for near-NC soils (Brinkgreve, 2011).
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Figure 3-9: Void ratio (e) versus vertical effective stress (σ′v) for the numerical simulation of
the Ess75Oedo1 test with the MCC model. The oedometer test results (blue curve) have been
digitised from Deng et al. (2011b).
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Figure 3-10: Displacement versus elapsed time for the numerical simulation of the Ess75Oedo1
test with the MCC model. The oedometer test results (blue curve) have been digitised from Deng
et al. (2011b). It is noted that, although the MCC model does not account for the time dependent
response of the material, this figure is utilised for the comparison of the actual displacements with
the ones that are numerically predicted.
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For the Ess75Tr02 test (OCR = 2.2) and the Ess75Tr03 test (OCR = 4.4), the response of the
model is similar to that of a LEPP model, especially in terms of the εa− q plots (Figures 3-5
and 3-7). The stiffness in the elastic domain is confining stress-dependent as it decreases for
a decrease in σ′3 (δq/δεa ≈ 27.70MPa for test Ess75Tr02 and δq/δεa ≈ 18.60MPa for test
Ess75Tr03 ). The volumetric response is well simulated for OCR = 2.2 (Figure 3-6) and OCR
= 4.4 (Figure 3-8) after qp is exhibited (Figures 3-5 and 3-7, respectively).

The performance of the SS-C model for the simulation of the Ess75Oedo1 test is considered to
be very good. The resulting σ′v − e graph (Figure 3-11) and elapsed time – displacement plot
(Figure 3-12) are very similar to the test results obtained by Deng et al. (2011b). In addition,
the hysteresis is predicted well, especially for the second unloading-reloading loop (path C–D,
Figure 3-11). The change in slope of the unloading and reloading branches (Section 2-4-5-2)
is also predicted. The time effect, which can be identified by the curvature of the elapsed time
– displacement graph for the reloading paths B–C and D–E in Figure 3-12, is predicted by the
model. This is not the case, however, for the unloading paths, where the time-dependency
has not been captured. This is due to the generation of purely elastic strains on unloading,
in addition to the stress path not reaching the yield locus of the SS-C model.

The best fit for the SS-C model was achieved with a modified compression index λ∗ = 0.12,
a modified swelling index κ∗ = 0.07, a modified creep index µ∗ = 0.00172, a νur = 0.30, a
K0-value for normal consolidation KNC

0 = 0.7853 and a KNC
0 -related parameterM = 0.6595.

3-3-6 Evaluation of the response of the HS model

The HS model seems to perform well for all analyses, in the deviatoric response (εa− q plots,
Figures 3-3, 3-5 and 3-7). The process of strain hardening of the BC samples is very well
reproduced for all triaxial tests, although the predicted stiffness is somewhat lower than that
of the soil specimens for the Ess75Tr01 and Ess75Tr03 tests. It can be concluded that the
performance of the model is good for OC conditions, especially at low ranges of εa, which is
not observed for the other evaluated models. However, the strain softening response of the
material is not predicted.

The volumetric behaviour of the BC is fairly well captured for the simulation of the Ess75Tr01
test (Figure 3-4) and very well reproduced for the Ess75Tr03 test (Figure 3-8). Nevertheless,
the model response is much different from the soil behaviour for the Ess75Tr02 test where
OCR = 2.2 (Figure 3-6).

The BC response in oedometer stress conditions is well reproduced by the HS model. The slope
of the virgin compression line and the values of the void ratio at the end of the unloading and
reloading paths predicted by the model are similar to those of the tested samples (Figure 3-
13). Furthermore, the hysteresis exhibited by the specimen is captured qualitatively. The
change in slope of the unloading and reloading branches is fairly well simulated. The produced
displacements are similar to the ones of the soil sample, except for point E (Figure 3-14).

The best fit for the HS model was obtained for a reference secant modulus Eref50 = 8.53MPa,
a reference un-/reloading modulus Erefur = 20.94MPa, a reference oedometer modulus Erefoed =
11.00MPa at a reference stress of pref = 0.10MPa, a rate of stress dependency of stiffness m
= 0.7 and a νur = 0.30.
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Figure 3-11: Void ratio (e) versus vertical effective stress (σ′v) for the numerical simulation of
the Ess75Oedo1 test with the SS-C model. The oedometer test results (blue curve) have been
digitised from Deng et al. (2011b).
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Figure 3-12: Displacement versus elapsed time for the numerical simulation of the Ess75Oedo1
test with the SS-C model. The oedometer test results (blue curve) have been digitised from Deng
et al. (2011b).
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Figure 3-13: Void ratio (e) versus vertical effective stress (σ′v) for the numerical simulation of
the Ess75Oedo1 test with the HS model. The oedometer test results (blue curve) have been
digitised from Deng et al. (2011b).
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Figure 3-14: Displacement versus elapsed time for the numerical simulation of the Ess75Oedo1
test with the HS model. The oedometer test results (blue curve) have been digitised from Deng
et al. (2011b). It is noted that, although the HS model does not account for the time dependent
response of the material, this figure is utilised for comparing the actual displacements with the
ones that are numerically predicted.
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3-3-7 Selection of the model that captures the BC response the best

The LEPP-MC model captures the failure of BC fairly well. However, the strain hardening
process observed in the results of the triaxial tests is not reproduced. Moreover, the model
does not hold any memory of the pre-consolidation of the material. On the other hand, the
performance of the LEPP-MC model in triaxial stress conditions seems to be reasonable to
some extent (provided that un-/reloading does not occur), despite being the simplest among
the investigated models and in spite of the small number of the required input parameters.
Calibration of the model for the oedometer test was not possible due to its inability to capture
the material response in un-/reloading paths.

The MCC model performs well in drained triaxial compression for NC conditions. It also holds
memory of the pre-consolidation of the soil. Moreover, it is the only model that accounts for
strain softening (qualitatively) for the case where OCR = 4.4. However, the model does not
capture well the BC response for OCR = 2.2 and OCR = 4.4 in the εa− q space. The model
prediction for the simulation of the oedometer test might be considered adequate as far as
the evolution of the void ratio with respect to the vertical effective stress on the reloading
paths is concerned.

The SS-C model does not show very good performance with regards to the εa − q plots in
simulating the triaxial tests. Also, the predicted volumetric strains are very high for the
near-NC case with OCR ≈ 1.1. On the other hand, the volumetric response of the BC is well
simulated for OCR equal to 2.2 and 4.4. Moreover, the best fit, among the tested models, is
obtained for the behaviour of the soil in 1-dimensional loading. The SS-C is the only model
that accounts for the viscous (time-dependent) response of BC.

The HS model is considered to have performed the best for the simulations of the triaxial
tests, that is, with respect of computing the mobilised shear strength, the change in stiffness
and the non-linearity of BC. These aspects of the soil response are well predicted for both
NC and OC conditions. The performance of the model is also deemed to be very good for
the simulation of the oedometer test. However, the volumetric response of the soil is not well
predicted for the Ess75Tr02 test with an intermediate OCR = 2.2. The HS model does not
as well account for strain softening.

Even though the SS-C model captured very well the response of BC in oedometer loading,
in addition to being the only model that accounts for the material time-dependency, its
performance in shearing, which is expected to be a dominant process in tunnelling conditions,
is considered to be not sufficient to outperform the HS model.

Based on the aforementioned, it seems that the overall performance of the HS model is better
than that of the other three tested models, as it captures sufficiently most aspects of the BC
response under drained triaxial compression and 1-dimensional loading. It is noted that from
all simulated tests the oedometer test is the only that includes also unloading, which might
be of interest for the simulation of a tunnel excavation.

In Section 3-4 a detailed description of the HS model is given in order to provide the reader
with the information required to gaining a more critical view on the results of varying
the model input parameters (Section 3-5) as well as the later finite element calculations
(Chapter 4).
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A summary of the values of the input parameters of the evaluated soil models, which gave
the best fit with the test data, is shown in Table 3-2.

Table 3-2: Values of the input parameters of the assessed soil models that gave the best fit
with the test data.

Model Definition Symbol Unit Value

LEPP-MC Drained Young’s modulus E′ [MPa] 40.0
Poisson’s ratio ν [-] 0.25

MCC

Swelling index κ [-] 0.10
Compression index λ [-] 0.12
Slope of the critical state line M [-] 0.606
Un-/reloading Poisson’s ratio νur [-] 0.35

SS-C

Modified swelling index κ∗ [-] 0.07
Modified compression index λ∗ [-] 0.12
Modified creep index µ∗ [-] 0.00172
Un-/reloading Poisson’s ratio νur [-] 0.30
K0-value for normal consolidation KNC

0 [-] 0.7853
KNC

0 -related parameter M [-] 0.6595

HS

Reference secant modulus Eref50 [MPa] 8.53
Reference oedometer modulus Erefoed [MPa] 11.00
Reference un-/reloading modulus Erefur [MPa] 20.94
Rate of stress dependency of stiffness m [-] 0.70
Un-/reloading Poisson’s ratio νur [-] 0.30
Reference stress for stiffness pref [MPa] 0.10

Effective friction angle(a) ϕ′ [◦] 12.4
Effective cohesion(a) c′ [MPa] 0.11
Dilatancy angle(a) ψ [◦] 0(b)/2(c)

(a)Common for the LEPP-MC model, the SS-C model and the HS model.
(b)Used for the Ess75Tr01 test, the Ess75Tr02 test and the Ess75Oedo1 test.
(c)Used for the Ess75Tr03 test.
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3-4 The Hardening Soil model
The Hardening Soil (HS) model is an advanced constitutive soil model formulated by Schanz
et al. (1999), appropriate to simulate the response of both cohesive (soft or stiff) and non-
cohesive soils. In this section the general features of the model are given at first. Then,
the governing equations and its representation in stress-strain space are summarised. Finally,
important specifications of the model, in conjunction with its use in the PLAXIS finite element
program, are described. For further information on the HS model, the reader is referred to
Schanz et al. (1999), Benz (2006) and Plaxis (2011a).

3-4-1 General description

Some of the most important features of the HS model are the introduction of stress-dependent
stiffness evolution equations, for both loading and un-/reloading, and the use of two yield
surfaces for predicting the development of plastic strains upon primary compression and
shearing.

The HS model comprises an isotropic, compression hardening cap yield surface, a shear
hardening yield surface and the MC failure criterion. The cap yield concerns the better
prediction of the evolution of plastic strains for radial stress paths and the shear yield is re-
sponsible for the evolution of plastic strains due to deviatoric stress paths. The MC criterion
forms the limiting boundary (failure) as a function of the shear strength of the material.

It should be noted that the formulas presented in this section refer to triaxial stress conditions.

3-4-2 Yield function for shear hardening

The formulation of the yield function of the HS model for shear hardening is based on the
hyperbolic stress-strain relationship for a standard drained triaxial test, originally developed
by Kondner (1963) and adapted by Duncan and Chang (1970), in the context of elasticity.
This formulation was extended to the elasto-plastic framework by Schanz (1998) and the
shear yield function is given by:

fs = f − γp (3-1)

where γp is a strain hardening parameter, and

f = 2
Ei

q

1− q/qa
− 2q
Eur

and γp = 2εp1 − ε
p
v ≈ 2εp1 (3-2)

with Ei being the initial secant stiffness (see Figure 3-15), q being the deviator stress and the
superscript s denotes shearing. The first is calculated according to:

Ei = 2E50
2−Rf

(3-3)

Rf = qf/qα is the failure ratio and qα is a quantity relating Rf with the ultimate deviator
stress, (qf ). The latter is determined by:

qf =
(
c cotϕ− σ′3

) 2 sinϕ
1− sinϕ (3-4)
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Figure 3-15: Hyperbolic stress-strain relationship in a deviator stress (q) versus axial strain (εa
= ε1 for triaxial compression) plot for a standard drained triaxial test. Ei is the initial secant
modulus, E50 is the stress-dependent secant modulus, Eur is the stress-dependent unloading-
reloading modulus, qa is the asymptotic value of the shear strength and qf is the ultimate deviator
stress (Plaxis, 2011a).

E50 is the stress-dependent secant stiffness for primary deviatoric loading given by:

E50 = Eref50

(
c cosϕ− σ′3 sinϕ
c cosϕ+ pref sinϕ

)m
(3-5)

where Eref50 is the reference secant modulus, intersecting the εα − q curve at qf/2 (Figure 3-
15), in a drained triaxial test conducted under constant confining stress. pref is a reference
pressure, usually taken equal to 0.1MPa.

The quantity Eur, in the first part of Equation 3-2, is the unloading-reloading modulus:

Eur = Erefur

(
c cosϕ− σ′3 sinϕ
c cosϕ+ pref sinϕ

)m
(3-6)

where Erefur is the inclination of an unloading-reloading path in a drained triaxial test (Fig-
ure 3-15), performed at a constant confining pressure.

The constant m represents the level of stress dependency of stiffness of a material and usually
ranges from 0.5 for sands to 1 for soft soils (Brinkgreve, 2011). It is determined from two
triaxial tests, carried out on the same material at different confining pressures, for instance
σ
′(1)
3 and σ′(2)

3 (Figure 3-16). Once the secant moduli corresponding to each confining pressure
(E(1)

50 and E(2)
50 ) are estimated, m can be calculated as follows (Brinkgreve, 2011):

E
(1)
50

E
(2)
50

=
(
σ
′(1)
3

σ
′(2)
3

)m
⇒ m =

ln
(
E

(1)
50 /E

(2)
50

)
ln
(
σ
′(1)
3 /σ

′(2)
3

) (3-7)
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Figure 3-16: Deviator stress, |σ1−σ3|, versus axial strain (ε1 = εa for triaxial compression) dia-
grams resulting from 2 drained triaxial tests at different confining pressures (σ3), for determining
the stress dependency of stiffness (m). E50 is the secant modulus (Brinkgreve, 2011).

In the principal stress space Equation 3-1 becomes (Schanz et al., 1999):

fs12 = 2qa
Ei

(σ1 − σ2)
qa − (σ1 − σ2) −

2 (σ1 − σ2)
Eur

− γp and

fs13 = 2qa
Ei

(σ1 − σ3)
qa − (σ1 − σ3) −

2 (σ1 − σ3)
Eur

− γp
(3-8)

For predicting plastic strains due to shear hardening, a non-associated flow rule is used,
namely the plastic potential surface is different from the one described by Equation 3-8. The
plastic potential functions are given by (Schanz et al., 1999):

gs12 = σ1 − σ2
2 − σ1 + σ2

2 sinψm and

gs13 = σ1 − σ3
2 − σ1 + σ3

2 sinψm
(3-9)

where ψm is the mobilised dilatancy angle (Section 3-4-4) and σ1, σ2 and σ3 are the major,
intermediate and minor principal stresses, respectively.

It is noted that for calculating γp in Equation 3-2, Schanz et al. (1999) assumed that, for hard
soils, the plastic volumetric strains (εpv) are very low compared to the plastic major principal
strains (εp1). Therefore the latter falls out in the formula.

In Figure 3-17 the cone-type shear hardening loci are presented, for m = 0.5 and for various
values of γp. The shear hardening locus can be plotted on the p′ − q plane by utilising
Equations 3-2, 3-5 and 3-6.

3-4-3 Calculation of the axial strains

The relationship for calculating εp1 (which are equal to the plastic axial strains, εpα, for triaxial
conditions) upon primary deviatoric loading is derived by satisfying the yield condition, that
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Figure 3-17: Shear hardening loci in a deviator stress, |σ1 − σ3|, versus mean effective stress
plot for cohesionless soil, for stress dependency of stiffness m = 0.5 and for different values of the
shear hardening parameter (γp). The locus moves upwards with increasing γp (Plaxis, 2011a).

is by setting fs = 0 (Equation 3-1). Then, from Equation 3-2 it follows that:

εp1 ≈ 1/2f = 1
Ei

q

1− q/qa
− q

Eur
(3-10)

The elastic major, intermediate and minor principal strains (εe1, εe2 and εe3, respectively) upon
primary loading or unloading-reloading are calculated, according to:

εe1 = q

Eur
and εe2 = εe3 = −νur

q

Eur
(3-11)

where νur is the unloading/reloading Poisson’s ratio.

For determining the total major principal strains (ε1), Equations 3-10 and 3-11 need to be
considered:

ε1 = εe1 + εp1 ≈
1
Ei

q

1− q/qa
(3-12)

3-4-4 Evolution of plastic volumetric strains due to shear hardening

The flow rule for the development of plastic volumetric strains in triaxial stress conditions is
given by:

ε̇pv = sinψmγ̇ps (3-13)

with ε̇pv being the rate of plastic volumetric strains and γ̇ps being the rate of plastic deviatoric
strains. The value of ψm in Equation 3-13 varies according to the level of the mobilised
friction in the material during the numerical analysis, similarly to the stress-dilatancy theory
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proposed by Rowe (1962) and adapted by Schanz and Vermeer (1996):

For sinϕm < 3/4 sinϕ ψm = 0◦

For sinϕm ≥ 3/4 sinϕ and ψ > 0◦ sinψm = max
(

sinϕm−sinϕcv

1−sinϕm sinϕcv
, 0
)

For sinϕm ≥ 3/4 sinϕ and ψ ≤ 0◦ ψm = ψ

For ϕ = 0◦ ψm = 0◦

(3-14)

where ϕcv and ϕm are the critical state (or constant volume) and the mobilised friction angle,
respectively. From the second row of Equation 3-14, it can be concluded that, for ϕm < ϕcv
the material contracts (ψ = 0◦), whereas it dilates for ϕm > ϕcv (as ψ > 0◦). ϕm is calculated
as follows:

sinϕm = σ′1 − σ′3
σ′1 + σ′3 − 2c cotϕ (3-15)

The critical state friction angle is calculated automatically by PLAXIS, according to the
following equation:

sinϕcv =
sinϕf − sinψf

1− sinϕf sinψf
(3-16)

where ϕf and ψf are the friction and dilatancy angle at failure, respectively. Equation 3-16
is derived by Equation 3-14 for failure conditions (ϕm = ϕf ), which results in:

sinψf =
sinϕf − sinϕcv

1− sinϕf sinϕcv
(3-17)

It is noted that, according to Equations 3-13 to 3-17, when ψ = 0◦ is introduced, no plastic
volumetric strains develop in triaxial stress conditions. They occur only when the cap yield
surface is met (Section 3-4-5).

3-4-5 Cap yield surface

The yield function for the cap is given by:

f c = q̃2

α2 + p′2 − p2
c (3-18)

where pc is the isotropic pre-consolidation pressure, the superscript c denotes the cap and q̃
is a stress measure of the hardening soil model:

q̃ = σ1 + (δ − 1)σ2 − δσ3 with δ = 3 + sinϕ
3− sinϕ (3-19)

For triaxial compression it is σ1 > σ2 = σ3 and Equation 3-19 results in q̃ = σ1 − σ3. For
triaxial extension, where σ1 = σ2 > σ3, it is q̃ = δ (σ1 − σ3).

The parameter α is a quantity determined by the coefficient of earth pressures for normal
consolidation, KNC

0 = 1 − sinϕ (Jaky, 1944). This parameter controls the steepness of the
cap, which in turn affects the orientation of the rate of plastic strains vector (thus, ε̇pv/γ̇ps ).
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Figure 3-18: Cap and shear hardening loci in the deviator stress of the HS model (q̃) versus
mean stress (p) graph, with indication of the stiffness zones and the related moduli. α is the
cap parameter of the HS model, pc is the isotropic pre-consolidation stress, c is the cohesion, ϕ
is the friction angle, E50 is the stress-dependent secant modulus, Eoed is the stress-dependent
oedometer modulus and Eur is the stress-dependent un-/reloading modulus (After Plaxis, 2011a
and Karstunen, 2013).

Figure 3-18 depicts the influence of the values of the α parameter and of pc on the steepness
and the size of the cap, respectively.

The law that describes the cap hardening process due to the generation of plastic volumetric
cap strains (εpcv ) is given below:

εpcv = β

1−m

(
pc
pref

)1−m
(3-20)

where β is an internal model parameter, controlled by the reference oedometer modulus
(Erefoed ). The latter determines the value of the stress-dependent oedometer modulus:

Eoed = Erefoed

c cosϕ− σ′
3

KNC
0

sinϕ

c cosϕ+ pref sinϕ

m

(3-21)

Erefoed is determined from the tangent to the ε1 − σ′v plot of an oedometer test, at a reference
pressure (Figure 3-19).

For calculating the rate of plastic cap strains, an associated flow rule is adopted, i.e. the yield
surface is used as plastic potential surface, too:

ε̇pc = λ
∂f c

∂σ
with λ = β

2p′

(
pc
pref

)m ṗc
pref

(3-22)

where λ is the plastic multiplier.

The yield contour of the HS model in the principal stress space is shown in Figure 3-20.
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Figure 3-19: Determination of the reference oedometer modulus (Erefoed ) from the resulting
major principal (vertical) effective stress (σ′1) versus major principal (vertical) strain (ε1) plot of
an oedometer test at a reference pressure (pref ) (After Plaxis, 2011a).

3-4-6 Specifics of the HS model

3-4-6-1 Initial position of the shear hardening locus

When the lab test facility of PLAXIS is used, the state consequent to the previous stress his-
tory has to be assigned. This is possible by an option, which reads "mobilised relative shear
strength" (mob. rel. shear strength, see Figure 3-1). Its value ranges from 0, where the initial
yield locus is coincident with the hydrostatic axis (p′), to 1, where the yield surface is at its
maximum located at the MC failure criterion. For the latter case as well as for any interme-
diate values, the stress paths within the area bounded by the cap and the shear hardening
surface induce elastic behaviour of the material (Figure 3-18). For full mesh analyses, the
yield surface is initialised along the KNC

0 line (Figure 3-22).

Figure 3-20: Yield contour of the HS model in the principal stress space. The soil cohesion is
zero and the shear hardening locus coincides with the MC failure surface. σ1, σ2 and σ3 are the
major, intermediate and minor principal stresses, respectively (Benz, 2006).
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3-4-6-2 Stiffness zones on the p′ − q̃ plane

The HS model comprises two yield surfaces for predicting the development of plastic strains
for both radial and deviatoric stress paths (Sections 3-4-2, 3-4-5). The amount of the former
is mainly controlled by the input value of Erefoed (influences the cap) and the amount of the
latter is predominantly influenced by Eref50 (affects the shear hardening surface).

According to the position of the stress path on the p′− q̃ plane, the examined soil may behave
(Figure 3-18):

1. non-linear elastic, the stress path is located within the area bounded by the shear
hardening and cap yield loci,

2. pure shear hardening, the stress state is situated within the area bounded by the cap
and lies on the shear hardening yield locus,

3. pure cap hardening, the stress state lies below the shear hardening yield surface and
moves with the cap, and

4. combined hardening, the stress state lies on both yield surfaces.

3-4-6-3 Initial conditions

For a finite element full mesh analysis the initial horizontal stresses (σ′h0) are determined from
the initial vertical effective stresses σ′v0 by a procedure which is based on entering either the
value of the Pre-Overburden Pressure (POP ) or the value of the OCR (Figure 3-21). These
quantities are given by (Brinkgreve, 2011):

POP = |σ′c − σ′v0| and OCR = σ′c/σ
′
v0 (3-23)

Then, the initial horizontal effective stresses will be (see Figure 3-22):

σ′h0 = K0 σ
′
v0 (3-24)

Figure 3-21: Illustration of the in-situ stress state for calculating the Over-Consolidation ratio
(OCR) (a) and the Pre-Overburden Pressure (POP) (b). σ′v0 is the initial vertical effective stress
and σ′c is the vertical pre-consolidation stress (After Plaxis, 2013).
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Figure 3-22: Determination of the initial horizontal effective stresses (σ′h0) in a finite element
mesh for the HS model. σ′v0 is the initial vertical effective stress, σ′c is the vertical pre-consolidation
stress, KNC

0 is the coefficient of earth pressures in NC conditions, νur is the unloading-reloading
Poisson’s ratio and POP is the Pre-Overburden Pressure (After Brinkgreve, 2011).

with:

K0 =
KNC

0 (|σ′v0|+ POP )− νur
1−νur

POP

|σ′v0|
or K0 = OCR KNC

0 − νur
1− νur

(OCR− 1) (3-25)

3-4-7 HS model input parameters

The input parameters of the HS model are listed in Table 3-3. It is noted that the input value
of Erefur must be larger than 2Eref50 . Furthermore, values of the input parameter KNC

0 which
do not lie within an admissible range are rejected by the program. This range is controlled
by the values of Eref50 , Erefur , Erefoed and νur. In such cases, either the input value of KNC

0 or
the values of the aforementioned parameters need to be changed.

Instead of the standard stiffness parameters Eref50 , Erefoed and Erefur , the compression and the
swelling indices, determined from oedometer or isotropic compression tests, may be used. In
such cases, the program still uses the standard parameters which, however, are calculated
automatically, according to:

Cc = 2.3 (1 + e0) pref

Erefoed

(3-26)

and
Cs '

2.3 (1 + e0) (1 + νur) (1− 2νur) pref

(1− νur)Erefur

(3-27)
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Table 3-3: Input parameters for the HS model (Plaxis, 2011a).

Definition Symbol Unit

Mohr-Coulomb criterion
(Effective) friction angle ϕ [◦]
(Effective) cohesion c [kN/m2]
Dilatancy angle ψ [◦]

Standard Stiffness
Reference secant modulus Eref50 [kN/m2]
Reference un-/reloading modulus Erefur [kN/m2]
Reference oedometer modulus Erefoed [kN/m2]
Rate of stress dependency of stiffness m [-]

Alternative Stiffness*
Compression index Cc [-]
Swelling index Cs [-]
Initial void ratio e0 [-]

Advanced
Un-/reloading Poisson’s ratio νur [-]
Reference stress for stiffness pref [kN/m2]
K0-value for normal consolidation KNC

0 [-]
Failure ratio Rf [-]
Tensile strength σt [kN/m2]
Increase of cohesion per unit depth cinc [kN/m3]

*The alternative stiffness parameters may be used instead of the stand-
ard stiffness parameters. In such cases the program considers m = 1.

The value of the reference secant modulus is automatically set to Eref50 = 1.25Erefoed . Also,
when Cc and Cs are used instead of the standard stiffness parameters a value of m = 1 is
used by the program.

3-4-8 On the internal algorithm and the internal parameters of the HS model

Every time an input parameter of the HS model is altered, PLAXIS performs an internal
algorithm in order to determine the values of some internal parameters, which control the
magnitude and the evolution of the generated plastic strains. A comment made by Calvello
and Finno (2004) (p. 417), regarding this algorithm, is cited below:

"The HS model implemented in PLAXIS has an internal algorithm that runs every time a new
set of input parameters is specified. This algorithm considers the deviatoric stress response of
an internally modelled compression test and "adjusts" the values of parameter Erefoed to produce
a hyperbolic curve in a triaxial stress-strain space."
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However, according to the findings of Section 3-5 the value of Erefoed does not seem to be
changed.

As reported by Benz (2006), in cases of combined hardening (Figure 3-18) the internal para-
meters of the HS model are determined through an iterative procedure, during which nu-
merical simulations of triaxial and oedometer element tests are performed in the background.
According to the findings of Section 3-5, a similar process seems to be followed by the program
before the commencement of any numerical analysis.

In Plaxis (2011a) it is mentioned that the internal parameters α and β are used for predicting
the generated plastic strains (Section 3-4-5). Whereas in the material models manual of
PLAXIS the β parameter is used for describing the cap hardening law (Equation 3-20),
Schanz et al. (1999) and Benz (2006) use a slightly different formulation:

εpcv = H

m+ 1

(
pc
pref

)(m+1)
(3-28)

with
H = Kc

Ks −Kc
Ks (3-29)

with H being a hardening modulus of the HS model and Kc being the elastoplastic compres-
sion modulus for isotropic compression (Schanz et al., 1999). Ks is the swelling modulus for
isotropic compression, calculated as follows:

Ks = Eur
3 (1− 2νur)

(3-30)

A comparison of Equation 3-20 with Equations 3-28 to 3-30 suggests that β, aside from Erefoed ,
is also be dependent on Kc, Erefur and νur.

Benz (2006) mentions another internal parameter, the initial secant stiffness (Erefi ), which
seems to be related to the Ei parameter of Equation 3-3 via the equation below:

Ei = Erefi

(
σ3 + c cotϕ
pref + cotϕ

)m
(3-31)

Table 3-4: Summary of the internal parameters of the HS model with their (possible) dependency and
influence, as inferred from the literature.

Definition Symbol Unit Dependency Influence

Cap parameter(1) α [-] KNC
0 ε̇pcv /γ̇

pc
s

Cap parameter(1) β [-] Ks/Kc εpc

Bulk modulus in primary loading(2) Kc [kN/m2] Erefoed εpc (through β)
Bulk modulus in un-/reloading(2) Ks [kN/m2] νur, Erefur εpc (through β)
Initial secant stiffness(3) Erefi [kN/m2] - Ei

Sources: (1) Plaxis (2011a), (2)Schanz et al. (1999), (3)Benz (2006)
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Table 3-4 shows the internal parameters of the HS model, their possible dependency on
other parameters and their possible influence on the numerical results, as inferred from the
literature.

On the other hand, the findings of Section 3-5 suggest that PLAXIS uses the α parameter, the
swelling to compression ratio (Ks/Kc) and the reference shear modulus in primary loading
(Gref50 ) for predicting the amount and the evolution of the produced plastic strains. The values
of these parameters are determined via the internal algorithm and depend on the values of
Eref50 , Erefoed , E

ref
ur , m, νur, ϕ′ and KNC

0 (for the two latter see Section 4-3-2-5). The value of
the β parameter was not identified in the .vlt file where the numerical results of the triaxial
tests simulations were saved.
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3-5 Investigating the influence of the HS model input parameters
In this section the influence of changing selected input parameters of the HS model on the
results of the triaxial tests simulations, described in Section 3-3-1, is investigated. This
is achieved by comparing the results obtained for the best fit of the model (red curves in
Figures 3-3 to 3-8), with the ones acquired by changing, individually, each input parameter.

Table 3-5 shows the values of the parameters that have given the best fit of the HS model
(Section 3-3-6) with the data obtained by Deng et al. (2011b). For the failure ratio and the
reference stress for stiffness the default values were used, i.e. Rf = 0.9 and pref = 0.1MPa
(Plaxis, 2011a). The value of KNC

0 was set to 0.7853, which resulted from Jaky’s formula
(KNC

0 = 1− sinϕ′) (Jaky, 1944). It is noted that the former should be calculated based on the
critical state friction angle. The value of ϕ′ used was determined by Deng et al. (2011b) from
the inclination of the second branch of the failure envelope of the material (see Section 2-4-2-3
and Figure 2-4). Nevertheless, the considered part of the failure envelope does not intersect
with the origin in the p′ − q plane (i.e. cohesion is present), which is not consistent with
the critical state theory. The dilatancy angle for the simulation of the Ess75Tr03 test was
determined to be ψ = 2◦. The set of parameters listed in Table 3-5 will henceforth be referred
to as Initial data.

The value of the mobilised relative shear strength was set to 0 in all analyses. Therefore,
the shear hardening contour was initialised on the hydrostatic axis (Section 3-4-6) at the
beginning of the simulations, leading to an immediate generation of plastic deviatoric strains.

The simulations for investigating the effect of the model input parameters on the numerical
results have been performed with the lab test facility of PLAXIS 2d 2010 (Plaxis, 2010).
A specificity of this version is that, even though the value of the isotropic pre-consolidation
pressure is asked as input for the simulation of a triaxial test (see Figure 3-1), the value of
the equivalent pre-consolidation pressure (p′ceq) is actually needed, in order for the correct
initial cap of the HS model to be generated. This particularity is also present in the lab

Table 3-5: Values of the input parameters of the HS model obtained by the best fit of the results
of some triaxial and oedometer tests performed by Deng et al. (2011b).

Definition Symbol Unit Value Obtained by

Effective friction angle ϕ′ [◦] 12.40 Deng et al. (2011b)
Effective cohesion c′ [MPa] 0.11 Deng et al. (2011b)
Reference secant modulus Eref50 [MPa] 8.53 Calibration
Reference oedometer modulus Eoedref [MPa] 11.00 Calibration

Reference un-/reloading modulus Erefur [MPa] 20.94 Calibration
Stress dependency of stiffness m [-] 0.70 Calibration
Un-/reloading Poisson’s ratio νur [-] 0.30 Calibration
Failure ratio Rf [-] 0.90 Plaxis (2011a)
Reference stress for stiffness pref [MPa] 0.10 Plaxis (2011a)
K0-value for normal consolidation KNC

0 [-] 0.7853 1− sinϕ′ (Jaky, 1944)

Michail Milioritsas Master of Science Thesis



3-5 Investigating the influence of the HS model input parameters 59

test facility of the PLAXIS 2d 2011 version. The equivalent pre-consolidation pressure varies
for different values of the model input parameters, and is calculated from the vertical pre-
consolidation stress (σ′c), which in the considered case is equal to 2200kPa. The stress state
that corresponds to σ′c, in terms of p′ and q, is given by (Plaxis, 2014a):

p′ = 1
3
(
1 + 2KNC

0
)
σ′c and q =

(
1−KNC

0
)
σ′c (3-32)

and the equivalent stress is calculated according to:

peqc =
√

(p′)2 + q2

α2 (3-33)

where α is the internal parameter of the HS model which controls the steepness of the cap.

In order to overcome the aforementioned particularity of the lab test facility a procedure, for
performing the numerical simulation of a triaxial test each time a model input parameter was
changed, was followed:

1. A triaxial test was performed with the desired values of the HS model input parameters.
The numerical results were saved by means of a .vlt file.

2. The value of the α parameter, which resulted from the internal algorithm performed by
the program, was obtained from the saved .vlt file.

3. The value of peqc was determined via Equations 3-32 and 3-33.

4. The numerical simulation of the triaxial test, with the required boundary conditions
and the same values of the model input parameters, was performed by introducing the
value of peqc instead of the value of the isotropic pre-consolidation pressure.

This procedure was validated by numerically simulating triaxial tests, with the same sets of
input parameters and the same boundary conditions, in the lab test facility of PLAXIS 2D
Anniversary Edition (Plaxis, 2014b), where the aforementioned specificity is not present. The
numerical results were found to be identical between the two methods.

3-5-1 Changes in the values of the HS model input parameters

The changes in the input parameters of the HS model for examining, separately, their influence
on the numerical results were:

• A decrease in Eref50 from 8.53MPa to 6MPa,

• an increase in Erefoed from 11MPa to 15MPa,

• an increase in Erefur from 20.94MPa to 25MPa,

• a decrease in m from 0.7 to 0.55, and

• a decrease in νur from 0.3 to 0.25.

These changes imply different values of the internal parameters of the HS model (Tables 3-
6 to 3-10), which control the response of the shear and the compression hardening loci,
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and therefore the evolution of the plastic deviatoric and volumetric strains. These are the α
parameter, which controls the steepness of the cap (Section 3-4-5), the swelling to compression
ratio (Ks/Kc) which, presumably, is positively related to the β parameter (Section 3-4-8) and
affects the magnitude of the plastic cap strains (Equation 3-22), and the reference shear
modulus in primary loading (Gref50 ). The latter is an elasto-plastic shear modulus, which
influences the evolution of plastic deviatoric strains due to shear hardening. The calculated
values of the internal parameters were obtained from the output file of the lab test facility of
PLAXIS after saving the results of the numerical simulations.

It is noted that the changes in the values of the HS model input parameters have been chosen
arbitrarily as this section only aims at understanding the response of the model in drained
triaxial compression.

3-5-2 Effects of the model input parameters on the results of the simulation of
the Ess75Tr01 test

The numerical results of the simulations of the Ess75Tr01 test are presented in terms of εa−q
and εa − εv diagrams in Figures 3-23 and 3-24, respectively. The outcomes of changing the
values of Erefoed , E

ref
ur and νur are not presented in Figure 3-23, as they coincide with the curve

that corresponds to the analysis with the Initial data.

It should be noted that, in the considered simulations, the double hardening process (Figure 3-
18) initiates from the first steps of the analysis as NC conditions are imposed. Therefore, the
stress path lies on both yield loci almost immediately after the beginning of the simulations.

3-5-2-1 Investigation on the influence of Eref50

A decrease in Eref50 to 6MPa leads to a softer material response (green curve in Figure 3-23)
and to larger εa at the same level of εv (green curve in Figure 3-24). This is attributed to
the reduction in E50 (Equation 3-5) and subsequently to the decrease in Ei (Equation 3-
3). Consequently, the generated εp1 (= εpa) increase (Equation 3-10), leading to a smaller
inclination of the curves in the εa−q and the εa−εv plots. It should be noted that the produced
plastic axial strains are not expected to contribute to the generated total volumetric strains.
Schanz et al. (1999) assumed that εpv ≈ 0 when deriving the shear hardening parameter γp
for the formulation of the related yield function (Section 3-4-2). This can also be deduced by
introducing ψ = 0◦ in Equations 3-14 to 3-17.

Table 3-6 shows the changes in the internal parameters of the HS model for decreasing values
of Eref50 . It can be observed thatGref50 (and thus the shear stiffness in the elasto-plastic domain)
decreases. Also, a slight increase in the α parameter and the ratio Ks/Kc occurs. The first
implies an imperceptible increase in the steepness of the cap (thus, ε̇pcv becomes somewhat
larger, Section 3-4-5) and the second induces insignificantly higher εpc (Equation 3-22). This is
in accordance with the assumption of Schanz et al. (1999) that εpv ≈ 0 during shear hardening
(provided that ψ = 0◦).
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Table 3-6: Effect of changing the value of the reference secant modulus (Eref50 ) on the values of
the internal parameters of the HS model. The value in red colour concerns the initial data.

Eref50 [MPa] Gref50 [MPa] α [-] Ks/Kc [-]

10.00 10.84 0.411 1.486
8.53 8.38 0.418 1.488
7.00 6.31 0.427 1.491
6.00 5.13 0.436 1.494
5.00 4.07 0.451 1.497

3-5-2-2 Investigation on the influence of Erefoed

An increase in Erefoed to 15MPa leads to lower εv (brown curve in Figure 3-24). The model
response seems to be logical since the soil is expected to react stiffer, in terms of cap hardening,
for a larger oedometer modulus. Further justification can be given by observing the resulting
internal model parameters, shown in Table 3-7. The cap becomes shallower as α decreases,
inducing a smaller rate of ε̇pcv (Section 3-4-5). The swelling to compression ratio reduces,
leading to smaller εpcv (Equation 3-20). The reduction in εv is significant for the particular
analysis. This may be attributed to the stress path lying on the cap from the beginning of
the simulation due to the imposed NC conditions. Therefore, the volumetric behaviour of the
material is expected to be dominated by the response of the cap.

In Table 3-7, a small decrease in the value of Gref50 is observed. A slightly softer response in
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Figure 3-23: Deviator stress (q) versus axial strain (εa) resulting from varying some of the input
parameters of the HS model, for the numerical simulation of the Ess75Tr01 test. Eref50 is the
reference secant modulus and m is a measure of the stress dependency of stiffness. The triaxial
data (blue curve) have been digitised from Deng et al. (2011b).
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Table 3-7: Effect of changing the value of the reference oedometer modulus (Erefoed ) on the values
of the internal parameters of the HS model. The value in red colour concerns the initial data.

Erefoed [MPa] Gref50 [MPa] α [-] Ks/Kc [-]

9.00 9.27 0.466 1.808
11.00 8.38 0.418 1.488
13.00 7.96 0.355 1.268
15.00 7.94 0.266 1.110
16.00 6.05 0.868 1.059

terms of a γs − q graph may be expected. Also, it can be observed that an increase in Erefoed

to 16MPa leads to a larger value of the α parameter (=0.868). This would induce a steeper
cap, which does not seem to be realistic. In addition, a value of Erefoed = 17MPa is rejected by
the program, indicating that a Erefoed = 16MPa is already very large for the particular set of
the model input parameters.

3-5-2-3 Investigation on the influence of Erefur

An increase in Erefur to 25MPa (thus, an increase in Eur, Equation 3-6) does not induce any
changes in the εa − q plot of Figure 3-23. This may be attributed to the interplay between
the decrease in the elastic axial strains (Equation 3-11) and the increase in the plastic axial
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Figure 3-24: Volumetric strain (εv) versus axial strain (εa) resulting from varying some of the
input parameters of the HS model, for the simulation of the Ess75Tr01 test. Eref50 is the reference
secant modulus, Erefoed is the reference oedometer modulus, Erefur is the reference unloading-
reloading modulus, νur is the unloading-reloading Poisson’s ratio and m is a measure of the
stress dependency of stiffness. The triaxial data (blue curve) have been digitised from Deng et al.
(2011b).
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Table 3-8: Effect of changing the value of the reference un-/reloading modulus (Erefur ) on the
values of the internal parameters of the HS model. The value in red colour concerns the initial
data.

Erefur [MPa] Gref50 [MPa] α [-] Ks/Kc [-]

18.00 8.60 0.356 1.285
20.94 8.38 0.418 1.488
25.00 8.29 0.468 1.770
30.00 8.28 0.506 2.118
40.00 8.31 0.548 2.816

strains (Equation 3-10). It seems that these effects cancel each other, leading to no observable
change in the development of the mobilised shear strength and stiffness of the material. The
value of Gref50 is practically unaffected by the change in Erefur (Table 3-8).

The aforementioned model response may be justified by the notion that a stiffer elastic beha-
viour of the material (therefore smaller εe1) will cause larger ε

p
1 after it yields, for a pre-defined

amount of ε1 (= 17.04% in the case under consideration). That is because ε1 = εe1 + εp1. Note
that ε1 = εa and ε3 = εr, where the subscript r denotes radial strain.

The values of the α parameter and the swelling to compression ratio rise for an increase in
Erefur (Table 3-8). The first induces a steeper cap (thus, larger ε̇pcv ) and the second leads to
higher εpcv (Table 3-4 and Equation 3-22). On the other hand, an increase in Erefur causes a
larger Eur (Equation 3-6) and, therefore, smaller εev (Equation 3-11). Note that for triaxial
compression εev = εe1 − 2εe3. The two counter-acting processes lead to larger total volumetric
strains (purple curve in Figure 3-24), with respect to the ones resulting from the analysis
with the Initial data (red curve in Figure 3-24). This may be attributed to the fact that the
material behaviour is dominated by the response of the cap, as mentioned in Section 3-5-2-2.
The generated plastic volumetric cap strains are expected to be prevalent in the considered
case.

The increase in the α and the Ks/Kc parameters (therefore the increase in ε̇pcv and εpcv ,
respectively), caused by the increase in Erefur (Table 3-8), seems to be the outcome of the
internal algorithm performed by the program (Section 3-4-8).

3-5-2-4 Investigation on the influence of νur

A decrease in νur to 0.25 does not induce visible changes in the εa−q diagram of Figure 3-23.
The program calculates a larger value of Gref50 than that of the Initial data (Table 3-9). Thus,
the material is expected to exhibit stiffer behaviour by means of a γs − q plot.

The total volumetric strains decrease for a smaller value of νur (black curve in Figure 3-24).
It seems that the effect of the smaller εpcv is more significant than that of the larger εev. The
former are lower due to the smaller value of the α parameter, which causes the cap to be
shallower (thus, ε̇pcv decrease) and owing to the smaller Ks/Kc (Table 3-9), which controls the
magnitude of εpcv through the β parameter (Equation 3-20). The elastic volumetric strains are
larger since εe3 (=εer) decrease, εe1 (=εea) are not influenced (Equation 3-11), and for triaxial
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Table 3-9: Effect of changing the value of the un-/reloading Poisson’s ratio (νur) on the values
of the internal parameters of the HS model. The value in red colour concerns the initial data.

νur [-] Gref50 [MPa] α [-] Ks/Kc [-]

0.33 8.01 0.471 1.747
0.30 8.38 0.418 1.488
0.25 9.56 0.310 1.198
0.23 10.65 0.255 1.116
0.20 6.46 0.029 1.000

compression εev = εe1−2εe3 applies. As mentioned in Sections 3-5-2-2 and 3-5-2-3, it seems that
the response of the cap is the most influential on the model performance, for NC conditions.

A further decrease in νur to 0.20 results in a value of the α parameter which seems unrealistic
(Table 3-9). Such low α–value (=0.029) would lead to an exceedingly shallow cap. Moreover,
the change in Gref50 is not in accordance with the ones induced by decreasing νur from 0.30 to
0.25 and to 0.23. It seems that a value of νur = 0.20 is considered very low for the particular
set of the input model parameters. A decrease of νur to 0.19 is rejected by the program.

3-5-2-5 Investigation on the influence of the m parameter

A decrease in the value ofm to 0.55 induces a softer response in the εa−q curve (cyan curve in
Figure 3-23). This model response may be explained by the effect of a reduction in m on the
value of E50. A decrease in m (which is always ≤ 1) leads to a smaller value of E50 since the
numerator in Equation 3-5 is always larger than the denominator. Consequently, Ei decreases
(Equation 3-3) and εp1 (= εpa) increases (Equation 3-10), inducing a smaller inclination in the
εa− q plot. The reduction in Erefur (Equation 3-6) may not have affected the results since the
increase in the εe1 and the decrease in εp1 might have cancelled each other (Section 3-5-2-3).
The calculated value of Gref50 is not altered for a decrease in m to 0.55 and 0.40. However, it
reduces noticeably for m = 0.30 (Table 3-10). Also, the resulting α parameter seems to be
unrealistic, since it leads to an excessively steep cap.

The total volumetric strains increase for a decrease in m (cyan curve in Figure 3-24). This
may be attributed to the lower value of Eoed (Equation 3-21) which, even though does not
influence the internal parameters of the HS model (Erefoed does), might be considered equivalent
to a somewhat steeper cap (larger α parameter), thus higher ε̇pcv , and a slightly larger Ks/Kc

(higher εpcv , Equation 3-20), as observed in Table 3-10. The change in Eoed is deemed to be the
most influential since it mainly controls the response of the cap of the HS model (Section 3-4-
6-2). In addition, a reduction in m leads to larger εpcv , according to Equation 3-20. Moreover,
the induced decrease in Eur causes larger εev (Equation 3-11). Both generated strains add up
to result in the highest εv, with respect to the other analyses.

Values of m > 0.90 are rejected for the considered set of the model input parameters.
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Table 3-10: Effect of changing the value of the rate of stress dependency of stiffness (m) on the
values of the internal parameters of the HS model. The value in red colour concerns the initial
data.

m [-] Gref50 [MPa] α [-] Ks/Kc [-]

0.80 8.39 0.406 1.453
0.70 8.38 0.418 1.488
0.55 8.38 0.434 1.542
0.40 8.39 0.450 1.598
0.30 6.32 1.516 1.762

3-5-3 Effects of the model input parameters on the results of the simulation of
the Ess75Tr02 test

The resulting εa−q and εa−εv diagrams for the simulations of the Ess75Tr02 test are depicted
in Figures 3-25 and 3-26, respectively. The former does not include the results obtained by
changing the values of Erefur , νur and m since the first two practically coincide with the ones
of the Initial data and the last one coincides with the curve corresponding to the simulation
with Erefoed = 15MPa.

It should be mentioned that in the considered case, where OCR 2.2, the stress path lies on the
shear hardening locus immediately at the beginning of the analysis. The cap is met at later
steps during the simulation. The intersection of the stress path with the cap (see Figure 3-27)
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Figure 3-25: Deviator stress (q) versus axial strain (εa) resulting from varying some of the input
parameters of the HS model, for the simulation of the Ess75Tr02 test. Eref50 is the reference
secant modulus and Erefoed is the reference oedometer modulus. The triaxial data (blue curve)
have been digitised from Deng et al. (2011b).
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is identified by a "kink" observed in either the εa − q (Figure 3-25) or the εa − εv (Figure 3-
26) plots. It should be noted that the stress ratio for a conventional drained triaxial test is
η = q/p′ = 3/1 (Figure 3-27).

The cap for the case of the reduction of Eref50 to 6MPa is not discernible in Figure 3-27, as it
coincides with the one resulting for a decrease in the m parameter to 0.55 (cyan curve).

The influence of changing the value of Eref50 is not discussed as the same explanations given
in Section 3-5-2-1 apply here.

3-5-3-1 Investigation on the influence of Erefoed

An increase in Erefoed to 15MPa induces a slightly softer response in the εa − q graph before
the cap is reached (εa < 5%, Figure 3-25). After the stress path has reached the cap ("kink"
observed at εa ≈ 5% in Figures 3-25 and 3-26) the rate of strain hardening in the εa − q plot
reduces further. This may be attributed to the double hardening process, as additional εp1 are
produced due to cap hardening. Such a decrease in the stiffness evolution of the material has
not been observed in the case of simulating the Ess75Tr01 test (Section 3-5-2-2), where the
double hardening procedure initiates from the first steps of the analysis.

Before the stress path reaches the cap the total volumetric strains are almost identical to
the ones of the analysis with the Initial data. This can be explained by the assumption that
during shear hardening no εpv are generated (Section 3-5-2-1). As aresult, εv = εev. Since a
change in Erefoed is not expected to induce the generation of elastic volumetric strains, εv will
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Figure 3-26: Volumetric strain (εv) versus axial strain (εa) resulting from varying some of the
input parameters of the HS model, for the simulation of the Ess75Tr02 test. Eref50 is the reference
secant modulus, Erefoed is the reference oedometer modulus, Erefur is the reference unloading-
reloading modulus, νur is the unloading-reloading Poisson’s ratio and m is a measure of the
stress dependency of stiffness. The triaxial data (blue curve) have been digitised from Deng et al.
(2011b).

Michail Milioritsas Master of Science Thesis



3-5 Investigating the influence of the HS model input parameters 67

remain unchanged.

After the stress path has intersected the cap (Figure 3-27) the rate of the generated εv increases
(Figure 3-26) due to the additional plastic volumetric cap strains. Even though for Erefoed =
15MPa the value of the α parameter is smaller than that of the Initial data (Table 3-7),
the rate of increase of εv is initially larger in the former case (δεv/δεa ≈ 0.048 compared to
δεv/δεa ≈ 0.035 for the simulation with the Initial data, Figure 3-26). This may be explained
by the reduction of the plastic multiplier (λ) for a lower stress level, which induces a larger
rate of εpc, according to Equation 3-22. In Figure 3-27 it can be observed that p′ is smaller at
the point of the intersection of the stress path with the cap (brown curve) for Erefoed = 15MPa,
compared to the case of the Initial data (red curve).

On the contrary, the rate of increase of εv is lower at the end of the analysis for Erefoed =
15MPa (δεv/δεa ≈ 0.013 compared to δεv/δεa ≈ 0.021 for the simulation with the Initial
data), probably owing to the fact that the cap hardening process starts at earlier calculation
steps in the case of Erefoed = 15MPa, leading to a lower rate of cap expansion (thus smaller
λ and lower ε̇pc, Equation 3-22), in addition to the cap being shallower. At the end of the
analysis the resulting volumetric strains are larger for Erefoed = 15MPa (Figure 3-26).

The fact that the cap is shallower for a larger Erefoed (Figure 3-27), which leads to an intersection
with the stress path at smaller εa (Figure 3-26), may be explained by the notion that a stiffer
soil is expected to yield at lower level of strains. That is because for the same strain increment,
a larger stress increment occurs for a stiffer material.
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Figure 3-27: Representation, on the deviator stress (q) versus mean effective stress (p′) plane, of
the initial caps of the HS model resulting from changing some of the model input parameters. The
grey line concerns the stress path of the Ess75Tr02 test. Eref50 is the reference secant modulus,
Erefoed is the reference oedometer modulus, Erefur is the reference unloading-reloading modulus, νur
is the unloading-reloading Poisson’s ratio, m is a measure of the stress dependency of stiffness
and α is an internal model parameter which determines the steepness of the caps. MC denotes
Mohr Coulomb. The resulting cap for Eref50 = 6MPa is not visible since it coincides with that of
m = 0.55.
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3-5-3-2 Investigation on the influence of Erefur

An increase in Erefur does not induce any changes in the εa−q graph for the reasons explained
in Section 3-5-2-3.

The generated εv reduce significantly for an increase in Erefur to 25MPa. This is ascribed to
the fact that the steepness of the cap increases substantially (α rises, Table 3-8), leading to a
material behaviour which is almost exclusively dominated by shear hardening. The stress path
in Figure 3-27 intersects the related cap (purple curve) at a very large q and therefore close to
the end of the simulation. Consequently, the "kink" (thus, the generation of εpcv ) in the εa−εv
diagram (Figure 3-26) occurs at large axial strains. Therefore, the volumetric response of the
material is governed by elasticity, as no εpv are generated due to shear hardening (Section 3-
5-2-1). From Equations 3-6 and 3-11 it can be concluded that an increase in Erefur leads to
smaller εev.

3-5-3-3 Investigation on the influence of νur

A decrease in νur to 0.25 does not alter the evolution of stiffness and mobilised shear strength
of the material, which has also been observed for the simulation of the Ess75Tr01 test (Sec-
tion 3-5-2-4).

Nevertheless, the volumetric response of the soil is altered considerably (Figure 3-26). A
decrease in νur leads to a smaller value of the α parameter (Table 3-9), which implies that the
cap becomes shallower than the one corresponding to the Initial data (black curve in Figure 3-
27). In Section 3-5-3-2 it was shown that only elastic volumetric strains develop before the
stress path reaches the cap. A decrease in νur induces larger elastic volumetric strains before
the "kink" occurs (Figure 3-26) since εe3 reduce (Equation 3-11) and εev = εe1 − 2εe3.

After the stress path intersects with the cap, the rate of the generated volumetric strains for
νur = 0.25 is larger than that of the simulation with the initial data (δεv/δεa ≈ 0.074 for the
former and δεv/δεa ≈ 0.035 for the latter), although the cap steepness and the swelling to
compression ratio are smaller for the former (Table 3-9). This may be attributed to the lower
p′ at which the stress path meets the cap, as explained in Section 3-5-3-1. The rate of increase
of εv at yield is even larger than the one for the simulation with Erefoed = 15MPa (δεv/δεa
=0.048), as the cap parameters are larger (α = 0.310, Ks/Kc = 1.198 for νur = 0.25 and
α = 0.266, Ks/Kc = 1.110 for Erefoed = 15MPa). At the end of the analysis with νur = 0.25,
δεv/δεa =0.019, which is lower than that of the analysis with the Initial data (δεv/δεa =0.021).
This may be explained by the arguments developed in Section 3-5-3-1.

3-5-3-4 Investigation on the influence of the m parameter

A decrease in m to 0.55 causes a softer response of the material in the εa − q graph. The
resulting curve is not presented in Figure 3-25 since it coincides with the one of the simulation
with Erefoed = 15MPa. An explanation for this response was given in Section 3-5-2-5.

A possible explanation for the increase in the α and the Ks/Kc parameters, due to a decrease
in m (Table 3-10), was given in Section 3-5-2-5. Before the stress path reaches the cap of the
HS model the volumetric strains are larger than the ones resulting from the simulation with
the Initial data (Figure 3-26). This is attributed to the generation of larger εev, induced by the
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lower value of Eur (Section 3-5-2-5). Consequently, εv will be larger since they are equal to
the elastic volumetric strains when the stress path lies below the cap (Section 3-5-3-2). The
generated εpcv are not significant as cap hardening occurs at a late stage during the analysis
(see Figure 3-27).

3-5-4 Effects of the model input parameters on the results of the simulation of
the Ess75Tr03 test

The numerical results for the simulation of the Ess75Tr03 test are shown, by means of εa− q
and εa− εv diagrams, in Figures 3-28 and 3-29, respectively. The former does not include the
results obtained by changing the values of Erefoed , E

ref
ur and νur since they coincide with the

ones acquired from the simulation with the Initial data. Even though the resulting εa−q plot
for the simulation with m = 0.55 almost coincides with the red curve, it is presented in order
to compare it with the respective diagrams of the analyses of the Ess75Tr01 and Ess75Tr02
tests.

In the case of the simulation of the Ess75Tr03 test an OCR = 4.4 is imposed. This leads
to a stress path which does not intersect with any of the initial caps (Figure 3-30). Hence,
in all considered cases, only shear hardening occurs and the volumetric response is governed
entirely by the generated εev.

3-5-4-1 Investigation on the influence of Eref50

For a reduction in Eref50 to 6MPa the model response is softer in the εa− q plot (Figure 3-28)
for the reasons explained in Section 3-5-2-1.
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Figure 3-28: Deviator stress (q) versus axial strain (εa) resulting from varying some of the input
parameters of the HS model, for the numerical simulation of the Ess75Tr03 test. Eref50 is the
reference secant modulus and m is a measure of the stress dependency of stiffness. The triaxial
data (blue curve) have been digitised from Deng et al. (2011b).
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Figure 3-29: Volumetric strain (εv) versus axial strain (εa) resulting from varying some of the
input parameters of the HS model, for the simulation of the Ess75Tr03 test. Eref50 is the reference
secant modulus, Erefur is the reference unloading-reloading modulus, νur is the unloading-reloading
Poisson’s ratio and m is a measure of the stress dependency of stiffness. The triaxial data (blue
curve) have been digitised from Deng et al. (2011b).

In the εa − εv graph (Figure 3-29), it is observed that larger εa for the same level of εv
are produced, due to the increase in εp1 (Section 3-5-2-1). The peak value of the generated
total volumetric strains is transferred to the right. In the case of the simulation with the
reduced Eref50 (green curve), the peak value of εv is marginally lower than that corresponding
to the analysis with the Initial data. This indicates that the assumption εpv ≈ 0 during shear
hardening holds true (Section 3-5-2-1).

The transition from compression to dilatancy does not occur abruptly as the latter develops
before the stress path meets the MC criterion, according to Equations 3-14 to 3-17. The
resulting εa − εv curve for the simulation with the Initial data ends at a smaller level of
compressive εv (Figure 3-29) since the the MC criterion is met at smaller εa. Thus, the stress
path will travel longer (towards a larger p′ in Figure 3-30) along the MC surface.

3-5-4-2 Investigation on the influence of Erefoed

An increase of Erefoed to 15MPa does not cause any changes in the εa − q graph. The same
applies for the volumetric response of the model, where the resulting curve almost coincides
with that of the Initial data (Figure 3-29). This supports the suggestion that a change in
Erefoed does not induce the generation of εev (Section 3-5-3-1).

3-5-4-3 Investigation on the influence of Erefur

An increase in Erefur to 25MPa does not lead to a change in the model response, in terms
of the evolution of the mobilised shear strength and stiffness, for the reasons explained in
Section 3-5-2-3.
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Figure 3-30: Representation, on the deviator stress (q) versus mean effective stress (p′) plane, of
the initial caps of the HS model resulting from changing some of the model input parameters. The
grey line concerns the stress path of the Ess75Tr03 test. Eref50 is the reference secant modulus,
Erefoed is the reference oedometer modulus, Erefur is the reference unloading-reloading modulus, νur
is the unloading-reloading Poisson’s ratio, m is a measure of the stress dependency of stiffness
and α is an internal model parameter which determines the steepness of the caps. MC denotes
Mohr Coulomb. The resulting cap for Eref50 = 6MPa is not visible since it coincides with that of
m = 0.55.

On the other hand, the generated εv are substantially lower (3-29) as the εev, which are equal
to the total volumetric strains, decrease for an increase in Erefur (Section 3-5-2-3).

3-5-4-4 Investigation on the influence of νur

As in the previous cases (Sections 3-5-2-4 and 3-5-3-3), no substantial change is observed in
the εa − q diagram for a decrease in νur to 0.25. The value of Gref50 , as calculated by the
internal algorithm of the program, is sightly larger with respect to the one of the Initial data
(Table 3-9).

The generated volumetric strains are larger than the ones of the analysis with the Initial data,
due to the smaller elastic radial strains, according to Equation 3-11 (εev = εea−2εer for triaxial
compression).

3-5-4-5 Investigation on the influence of the m parameter

The model response is softer for a reduction in the value of the m parameter, in terms of the
εa− q plot, for the simulations of the Ess75Tr01, Ess75Tr02 and Ess75Tr03 tests, due to the
lower value of Eref50 (Section 3-5-2-5). However, the stiffness reduction becomes less significant
as the OCR increases (Figures 3-23, 3-25 and 3-28). It should be reminded that the curve in
Figure 3-25 coincides with the one of Erefoed = 15MPa. The less significant stiffness reduction
with increasing value of the OCR may be ascribed to the decrease of the generated plastic
axial strains with higher level of over-consolidation. For the simulation where NC conditions
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are imposed, εpa due to cap and shear hardening develop from the beginning of the analysis
since the stress path lies on both loci. For the simulation with OCR = 2.2, the plastic axial
cap strains are added at a later stage during the analysis since the stress path does not reach
the cap immediately. For the analysis with OCR = 4.4 the stress path does not intersect with
the cap, leading only to the generation of shear hardening-induced εpa. This line of reasoning
may hold true if the model considers that the total εpa result from adding the compression-
and shear hardening-induced plastic axial strains in double hardening situations.

The produced εv are larger for a reduction in m to 0.55 (Figure 3-29) as the volumetric
response of the material is dominated by εev, which increase for a decrease in Eur (Equations 3-
6 and 3-11).

3-5-5 On the response of the cap of the HS model

In this section an attempt is made to explain the influence of Erefur and νur on the steepness of
the cap of the HS model. The effects of Eref50 , Erefoed and m are deemed to have been explained
sufficiently in Sections 3-5-2-1, 3-5-2-2 and 3-5-2-5, respectively.

In Table 3-8 it is observed that an increase in Erefur induces a steeper cap and a larger swelling
to compression ratio, which entail the generation of larger εpcv . This may be explained by
the notion that a stiffer elastic response of the material, which induces smaller εev, will cause
larger εpv after it yields, for a predefined amount of strains. For the HS model, Eur controls
the magnitude of the elastic volumetric strains through Equation 3-11. In addition, Eur is
positively related to Eoed in the context of elasticity, according to the equation below:

Eoed,ur = Eur (1− νur)
(1− 2νur) (1 + νur)

(3-34)

where Eoed,ur is the unloading-reloading (elastic) stress-dependent oedometer modulus. Ac-
cording to this equation, an increase in Eur causes a larger Eoed,ur. The line of reasoning
expressed before leads to the conclusion that an increase in Eoed,ur (thus a lower compressib-
ility in the elastic domain) will induce a more plastic response after yield. Consequently, the
cap of the HS model will become steeper (the α parameter will increase), leading to larger
ε̇pcv , and ε̇pc will be higher (Ks/Kc will increase).

A similar explanation can be given for the effect of νur on the response of the cap of the
HS model. In Table 3-9 it is observed that a decrease in νur induces a shallower cap and
smallerKs/Kc. The unloading-reloading Poisson’s ratio controls the generation of εev, through
Equation 3-11, as is the case for Eur. According to Equation 3-34, a decrease in νur leads
to a reduction in Eoed,ur and, therefore, the compressibility in the elastic domain increases.
Consequently, a less plastic response will be exhibited after yield, which implies a shallower
cap and a smaller Ks/Kc.

The aforementioned hold true for NC conditions, where the stress path lies on the cap from the
beginning of the simulations. However, for OC conditions a steeper cap does not necessarily
lead to larger εv at the end of the analysis, since the stress path may not meet the yield locus.
Furthermore, initial yield may take place at a late stage during the simulations, i.e. at a large
value of p′, leading to a low value of λ and thus, to low ε̇pc (see Sections 3-5-3-1 and 3-5-3-3).
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3-6 Limitations of the laboratory tests and the numerical tool
The evaluation of the soil models, regarding their ability to capture the BC response, has
been based on the results of the simulations of triaxial and oedometer tests (Section 3-3) with
the lab test facility of PLAXIS. Nevertheless, the conditions met during the laboratory tests
are expected to be different than the ones found in the course of a tunnel excavation.

Limitations of the simulated laboratory tests

For the investigated triaxial tests it holds σ′2 = σ′3 (which implies triaxial compression),
whereas general stress states, including extension, apply during a tunnelling project. There-
fore, the stress paths followed by the soil close to the excavation are expected to be different
than the ones followed in a triaxial test. Moreover, during a triaxial test the level of confine-
ment and the magnitude of the OCR are pre-defined, leading to a specific evolution of the
stiffness and the mobilised shear strength of the material (Section 2-4-2). However, the values
of σ′3 and the OCR may be different and may vary during a tunnel excavation. In addition,
the considered triaxial tests were performed in drained conditions. Nevertheless, undrained
conditions in the short term, and consolidation, accompanied by unsaturated soil behaviour,
are expected in the long term, for a tunnel excavation in the BC formation (Section 1-2).
The duration of swelling of the BC before shearing may be different between the triaxial
tests and an actual project, which may lead to different soil behaviour, in terms of the stiff-
ness and ductility of the material (see Section 2-4-3). Furthermore, this effect has not been
considered in the numerical simulations. Finally, the BC specimens originating from Essen
were isotropically consolidated before shearing, i.e. a K0 = 1 was assumed (Section 2-4-2-2).
Consequently, the influence of an initially anisotropic stress field on the behaviour of the soil
has not been considered (K0 ≈ 0.3− 0.9 at the HADES URF, Bernier et al., 2007a).

The different boundary conditions that are present in oedometer loading and during a tunnel
excavation implies different stress paths, and therefore different material response between
the two cases.

The triaxial stress conditions might be closer to the ones met during tunnelling as shearing is
likely to be the most predominant process. However, investigation on the response of the BC
on unloading and reloading has been possible only via one-dimensional loading, as far as the
laboratory tests performed by Deng et al. (2011b) are concerned. The simulation of triaxial
tests conducted on BC samples, which include unloading-reloading loops (Barnichon et al.,
2000) could be useful.

Limitations of the numerical tool

In the lab test facility of PLAXIS the response of a soil element is considered, i.e. no finite
element mesh is generated. As a result, investigation on the interaction among the soil
elements of the modelled sample is not possible. Such an interaction may include stress
redistribution and strain localisation.

Calibration of the HS model with νur = 0.25

From Figures 3-23 to 3-26 and Figures 3-28, 3-29 it can be observed that a value of νur = 0.25
leads to a better calibration of the HS model with the triaxial tests results. However, severe
divergence for the resulting C–D and E–F paths of the simulation of the Ess75Oedo1 test
occurs (Figure 3-31). That is because a lower value of νur induces a larger inclination in the
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unloading branch of the σ′h−σ′v curve, leading to an earlier intersection with the yield function
of the MC criterion. Once this diagram meets with the MC criterion fully plastic unloading
occurs. This intersection is marked by the change in slope of the resulting unloading C–D
and E–F paths (red curve in Figure 3-31), of which the steeper branches coincide. As a result,
they end at the same value of the void ratio (the resulting points D and F coincide).

It is noted that the inclination of the σ′h − σ′v plot (=δσ′v/δσ′h) on unloading is equal to
(1− νur)/νur. The latter is equal to 2.333 and 3 for νur = 0.3 and νur = 0.25, respectively.

10
2

10
3

10
4

10
5

0.2

0.3

0.4

0.5

0.6

0.7

0.8

σ’
v
 (kPa)

e 
(−

)

A

B

C

D

E

F

 

 
Ess75Oedo1
HS, ν

ur
 = 0.25

Figure 3-31: Void ratio (e) versus vertical effective stress (σ′v) for the numerical simulation of
the Ess75Oedo1 test with the Initial data of the HS model, for νur = 0.25. The oedometer test
results (blue curve) have been digitised from Deng et al. (2011b).
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3-7 Summary
In this chapter four soil models were evaluated, regarding their ability to capture the Boom
Clay (BC) response in three drained triaxial tests and in one oedometer test, performed on
BC samples, found from the literature. This assessment aimed at selecting an appropriate
material model for modelling the behaviour of BC in tunnelling conditions. To this purpose,
the Linear Elastic Perfectly Plastic-Mohr Coulomb (LEPP-MC) model, the Modified Cam-
Clay (MCC) model, the Soft Soil-Creep (SS-C) model and the Hardening Soil (HS) model
were calibrated on the basis of the test results. The tests were numerically simulated in the
lab test facility of the PLAXIS 2D 2011 finite element program. The models were evaluated
by comparing the numerical results with the test data.

Information on the theoretical background and the most usual geotechnical engineering ap-
plications of the evaluated models was first given. Then, the ability of the soil models to
reproduce the most important aspects of the BC behaviour, which were observed in the
considered tests, was assessed.

The LEPP-MC model was found not to capture the BC response in triaxial stress conditions
sufficiently, as the dependency of the mobilised shear strength and stiffness of the soil on
the stress level and the value of the Over-Consolidation Ratio (OCR) was not reproduced.
Moreover calibration of the model based on the oedometer test results could not be achieved.
Nevertheless, the model performance was considered to be acceptable for the simulations of
the triaxial tests, given its low level of intricacy and the limited number of the required input
parameters.

The MCC model was found to be capable of capturing the deviatoric and the volumetric
response of BC in Normally Consolidated (NC) conditions, in drained triaxial compression.
In addition, it was found to be the only model that accounts for the strain softening response
of the soil, but only qualitatively and not after strain hardening for the considered stress path,
for high values of the OCR. The non-linear material behaviour was not well captured in OC
conditions. The hysteresis exhibited by the BC in oedometer loading was not reproduced, in
addition to the resulting void ratio being much different from the test data at the end of the
unloading branches.

The SS-C model, as in the case of the MCC model, was found to perform well in NC con-
ditions, in the deviator stress (q) versus axial strain (εa) space. This was not the case for
OC conditions. Moreover, it was observed that exceedingly large volumetric strains were
produced for low values of OCR. The SS-C model was found to capture the BC response in
oedometer loading the best, compared to all other models.

The performance of the HS model was considered to be the most adequate in drained triaxial
compression as the mobilised shear strength and the evolution of the stiffness of BC was
very well captured for NC and OC conditions. In addition, the volumetric response was well
reproduced, except for intermediate values of the OCR. The model response in oedometer
stress conditions was also considered to be sufficiently captured. Based on the suggestion that
the deviatoric response of the BC would be the most relevant in tunnelling conditions, the
HS model was selected as the most appropriate to numerically simulate a tunnel excavation
in the BC formation.

A detailed description of the HS model followed, by means of its governing equations for
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drained triaxial compression and its representation in stress-strain space.

Subsequently, the lab test facility of PLAXIS 2D 2010 was used in order to investigate the
influence of varying selected HS model input parameters on the model response in the triaxial
tests simulations. This study was complemented by inspecting the changes in the model
internal parameters, which control the evolution of the generated plastic strains, induced by
varying the input parameters. For all simulations it was found that the response of the model
in the εa − q space was almost exclusively influenced by the value of the reference secant
modulus (Eref50 ) as it affected the generated plastic axial strains (εpa). An effect of the level of
the stress dependency of stiffness (m) was also identified, attributed to the changes it induces
in the value of the stress dependent secant modulus, E50, (thus, in the generated εpa).

For NC conditions, it was found that the volumetric behaviour of the material was governed
by the response of the cap of the model. The latter concerns the produced plastic volumetric
cap strains (εpcv ), which are controlled by the internal cap parameters, as well as by the current
stress state (p′). For intermediate values of the OCR the volumetric response of the soil was
found to depend mainly on the initial position of the cap in the p′− q plane. For stress paths
lying below the yield locus, only elastic volumetric strains (εev) are produced. If the stress
path meets the cap εpcv are also generated. For the latter case it was observed that a stiffer cap
response (i.e. a shallower cap) leads to an initially larger rate of produced volumetric strains
(ε̇v), probably owing to the lower p′ at initial yield, which causes a larger plastic multiplier
(λ). For large values of the OCR the stress path did not meet the cap of the HS model,
leading to an elastically dominated volumetric response of the material.

Finally, a discussion on the possible limitations of the laboratory tests and the numerical tool,
employed for the purpose of this chapter, was made. It was mentioned that the boundary
conditions, which are present in the considered laboratory tests, are expected to be different
than the ones met during a tunnel excavation, leading to different stress paths and, therefore,
to a distinct response of the BC material between the two cases. It was noted that the
limitation of the numerical tool may lie in the fact that only one soil element was considered
during the simulations of the laboratory tests. As a result, research on stress redistribution
and strain localisation effects was not made.
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Chapter 4

Modelling a deep tunnel excavation in
the Boom Clay formation

4-1 Introduction
In this chapter a simulation of an undrained tunnel excavation in the BC formation is presen-
ted, with the use of the PLAXIS 2D 2011 finite element program (Plaxis, 2011b), in plane
strain conditions. The BC response has been modelled with the HS model, which was con-
sidered to perform the best, among the investigated soil models, in simulated drained triaxial
compression and in oedometer loading (Section 3-3-7).

The scope of this chapter is the investigation on the influence of selected input parameters
of the HS model on the extent of the hydro-mechanical disturbance in the soil around the
excavation and on the magnitude of the internal forces acting on the tunnel liner. This
investigation also includes a preliminary estimation of the level of influence of the model
input parameters. To this purpose, a mechanical sensitivity analysis has been conducted,
during which these parameters are changed to an upper and a lower bound value, which
are found from the literature regarding the BC formation. The results of these analyses
were compared to the ones of a simulation with the mean of the values of the model input
parameters.

The aforementioned results have been explained by examining the stress paths and the evol-
ution of the elastic and the elastoplastic shear stiffness of the material in the proximity of
the excavation. Furthermore, the profiles of the stresses and the pore water pressures along
a radial line have been utilised.

In Section 4-2 the set up of the geotechnical model, of the calculation phases and of the mech-
anical sensitivity analysis are described. The results of the latter are presented, investigated
and explained in Section 4-3. A preliminary estimation on the level of influence of the varied
model input parameters is made in Section 4-4 and finally, a summary for this chapter is
given in Section 4-5.
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78 Modelling a deep tunnel excavation in the Boom Clay formation

4-2 Set up of the numerical simulations
In this section the set up of the geotechnical model is described first. Then, the calculation
phases of the numerical analyses with the PLAXIS 2D 2011 finite element program are
presented. Finally, the process of the mechanical sensitivity analysis is outlined.

4-2-1 Set up of the geotechnical model

Outline of the finite element mesh

The simulated tunnel excavation has been based upon the case of the construction of the
connecting gallery at the HADES URF (Bernier et al., 2007b). The geotechnical domain
used for all simulations is shown in Figure 4-1a. The tunnel centerline is located at a depth
of 225m below the ground surface. As mentioned in Section 4-1, plane strain conditions have
been assumed, as the tunnel is long. Therefore, only a vertical cross section perpendicular
to the tunnel centerline has been considered for the analyses. Symmetry has been assumed
with respect to the vertical plane along the axis of the excavation as strain localisation and
fracture propagation effects due to pre-existing planes of weakness or owing to the local
material heterogeneity, which may induce a non-symmetric extent of the hydro-mechanical
disturbance, have not been considered for reasons of simplicity. As a result, only half of the
problem has been modelled.

The part above a depth of -165m has not been considered relevant for the analyses. The
term "relevant" denotes the extent of the domain beyond which its boundaries are deemed
not to affect significantly the results of the numerical analyses. The relevant part of the
domain extends 60m above and below the tunnel centerline. The same applies for the vertical
boundary. The overburden of the part of the soil from 0m to -165m was taken into account by
imposing a distributed load at the upper boundary. For a saturated unit weight of BC equal
to γsat = 20kN/m3 (see Table 2-2) and a water unit weight γw = 10kN/m3, the distributed
load is equal to (γsat − γw) × depth = 1650kPa as the level of the groundwater was set at
the ground surface (Bernier et al., 2007b). Even though the extent of the relevant part of
the domain is 60m above the tunnel centerline, the original finite element mesh included the
depth from the ground surface (0m) until its deepest boundary (located at a depth of -285m,
see Figure 4-1a), for the reasons that will be explained in Section 4-2-2.

Full fixities were imposed to the lower boundary of the domain, whereas the ones at the sides
were free to move in the vertical direction (horizontal fixities, see Figure 4-1a). No fixities
were introduced to the top boundary of the mesh.

The rectangle around the tunnel in Figures 4-1a and 4-1b has been introduced in order to
refine the mesh in the enclosed area. That is because higher accuracy is required in the
vicinity of the excavation where stress and strain gradients are expected to be higher.

The finite element mesh (from a depth of 0m to a depth of -285m) comprised of 3063 fifteen-
node triangular elements with twelve Gauss (stress) points. The finite element discretisation
of the relevant part of the domain (from a depth of -225m to a depth of -285m) is shown in
Figure 4-1b.
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Figure 4-1: Relevant part of the geotechnical domain used for the analyses (a) and finite element
discretisation of the relevant part of the geotechnical domain (b). The term "relevant" refers to
the extent of the domain beyond which its boundaries are deemed not to affect significantly the
results of the numerical analyses.

Tunnel geometry and liner properties

The external radius (rext) of the tunnel and the liner properties are listed in Table 4-1. The
cross section of the tunnel was considered to be circular with an external diameter of 4.8m
and a thickness (d) equal to 0.4m. The liner behaviour has been assumed to be linear elastic.

It is noted that the cross sectional area (A) of the liner per meter out of plane, for plane
strain conditions, is equal to its thickness, i.e. A = 0.4m2/m. Furthermore, the moment of
inertia (I) of the liner is given by (Bakker, 2003):

I = 1
12d

3 (4-1)

Therefore, for the considered case I = 5.33 ×10−3m4/m. The interface between the tunnel
wall and the host rock was assumed to be rigid, i.e. it was considered to have the same
strength characteristics with the surrounding soil (Plaxis, 2011b). When the HS model is
used the strength of the interface is governed by the MC criterion. If a rigid interface is
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Table 4-1: Characteristics of the tunnel and the tunnel liner used
for the simulations of the mechanical sensitivity analysis (After Bernier
et al., 2007b).

Definition Symbol Units Value

Geometry
External tunnel radius rext [m] 2.4

Liner properties
Thickness d [m] 0.40
Young’s modulus E [kN/m2] 50.0×106

Axial stiffness EA∗ [kN/m] 20.0×106

Bending stiffness EI∗∗ [kNm2/m] 266.7×103

* Cross sectional area per meter out of plane.
** Moment of inertia per meter out of plane.

selected, the strength characteristics of the interface, i.e. its friction angle (ϕi), its cohesion
(ci) and its dilatancy angle (ψi) are equal to the ones of the surrounding soil. The stiffness
characteristics of the interface are calculated according to (Plaxis, 2011b):

Gi = R2
interGsoil ≤ Gsoil (4-2)

with Gi being shear modulus of the interface, Gsoil being the shear stiffness of the soil and
Rinter being a reduction factor. In the considered case Rinter = 1 and thus, Gi = Gsoil. Also,
the oedometer modulus of the interface (Eoed,i) is given by:

Eoed,i = 2Gi
1− νi
1− 2νi

(4-3)

where νi is the Poisson’s ratio of the interface, equal to 0.45. The elastic gap displacement of
the interface is calculated as follows:

Elastic gap displacement = σN ti
Eoed,i

(4-4)

with σN being the normal stress acting on the interface and ti being the virtual thickness of
the interface. The slip displacement is given by:

Elastic slip displacement = τti
Gi

(4-5)

where τ is the shear stress acting on the interface.

The assumption of a rigid interface may be supported by the fact that the imposed convergence
is homogeneous around the tunnel periphery (see Section 4-2-2), in addition to the initial stress
field being isotropic (see below). As a result, no significant shear stresses (and thus, slippage)
are expected to occur between the soil and the tunnel liner.

Assumptions for the geotechnical model

The main hypotheses made for the development of the geotechnical model are listed below:
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• The excavation is realised under plane strain conditions.

• The excavation is realised under undrained conditions.

• The initial stress field is isotropic (K0 = 1).

• The soil is homogeneous.

The first hypothesis can be supported by the suggestion that the length of the tunnel is such
that allows for considering the out of plane strains to be equal to zero for reasons of simplicity.
The following three assumptions are made for reasons of reducing the level of complexity of
the research under consideration.

It is noted that the value of K0 can either be automatically determined by the values of
POP , KNC

0 and OCR through Equation 3-25 or can be specified by the user. The latter
has been applied in the considered case. This resulted in an initial isotropic stress field, i.e.
σ′1 = σ′2 = σ′3, which induced the stress paths to initiate from the hydrostatic axis (see later
Section 4-3-1 and Figure 4-2).

4-2-2 Calculation phases

The calculation procedure, which was similar to that described in Plaxis (2011c), comprised
four steps:

1) The initial stress field was generated (K0 procedure). For calculating the initial effective
stresses and the pore water pressures (u), the domain from the ground surface was considered.
Consequently, the initial mesh had a height of 285m since it extended from a depth of 0m to
-285m.

A coarse finite element mesh was generated for the part of the model which was not deemed
to affect substantially the numerical results (i.e. the part from a depth of 0m to -165m), for
reasons of reducing the calculation requirements.

The displacements produced during this calculation phase were set to zero.

2) The part of the mesh from a depth of 0m to -165m was switched off and a distributed load
equal to 1650kPa was imposed on the top boundary (see Figure 4-1a), in order to account for
the effective stresses which correspond to the removed overburden (see Section 4-2-1). The
water level was kept at the ground surface. The generated displacements were set to zero.

3) The tunnel was introduced and the enclosed soil cluster was switched off. The external
radius of the tunnel was set to 2.49m so as to account for an over-excavation of 9cm, as
explained in the description of the fourth calculation phase.

4) A contraction was imposed on the tunnel, i.e. the external radius was reduced in order to
account for the convergence of the walls of the excavation, which was considered to have been
induced by a virtual over-excavation of 9cm. The latter resulted from adding the immediate
convergence of the host rock due to an over-excavation of 4.5cm, and the radial displacement
ahead of the face of the excavation (≈ 4.5cm), which was measured during the construction of
the connecting gallery at the HADES URF (Bastiaens et al., 2003). This explains the larger
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rext (2.49m instead of 2.40m) used in the third calculation phase. The decrease in the tunnel
radius was imposed as a contraction, by means of the equation below:

Contraction(%) = πr2
over − πr2

ext

πr2
over

(4-6)

where rover is the radius of the over-excavation. Thus, for the considered case the contraction
was equal to 7.098%.

4-2-3 Set up of the mechanical sensitivity analysis

For conducting the mechanical sensitivity analysis, five input parameters of the HS model
have been varied. These are the reference secant modulus (Eref50 ), the reference unloading-
reloading modulus (Erefur ), the rate of the level of stress dependency of stiffness (m), the
effective friction angle (ϕ′) and the effective cohesion (c′). These have been given an upper
and a lower bound value for the BC material. The K0-value for normal consolidation was
calculated by the program by default, through KNC

0 = 1-sinϕ′ (Jaky, 1944). Thus, it varied
with changing ϕ′ (Table 4-2).

It is noted that in a mechanical sensitivity analysis the effect of varying individual input
parameters is considered to have the same weight. However, in a sensitivity analysis which
is part of a probabilistic analysis the weight of an individual model input parameter on the
performance incorporates both the effect of the mechanical model as well as of the para-
meter uncertainty. For instance, the sensitivity of a response to a variation of a model input
parameter will increase for an increasing parameter uncertainty, e.g. expressed in a standard
deviation.

Table 4-2 shows the values of the input parameters which have been used for the mechanical
sensitivity analysis. In spite of some connection existing among the model input parameters
one of them was changed in every simulation. Thus, the examination of the effect of each
parameter on the numerical results is expected to be less intricate. The outcomes of the
analysis where the parameters have been given the mean of the range of values used (Table 4-
2), served as a basis for comparison with the results of all other simulations. This set of
parameters will be henceforth referred to as mean data. The analyses have been carried out
for dilatancy angle ψ = 0◦ and ψ = 1◦. Consequently, 22 simulations were performed.

The values of Eref50 were back-calculated from the values of E50 (Table 4-2) through Equa-
tion 3-5. The value of Eur was considered to be three times larger than that of E50, which is
equivalent to Erefur = 3Eref50 , suggested by Plaxis (2011a). The reference unloading-reloading
modulus was calculated from the assigned value of Eur via Equation 3-6. The value of Eoed
was determined from Equation 3-21, after assuming that Erefoed = Eref50 = 145MPa in order to
prevent the intersection of the stress paths with the cap of the HS model (see next paragraph).
In all cases σ3 = 2250kPa (corresponding to a depth of -225m for K0 = 1.0) was used and it
was assumed that c′ = 0.25MPa, ϕ′ = 13◦ and m = 0.7, which are equal to the mean values
(Table 4-2). These were not varied so as to exclude their effect on the values of E50 and Eur,
and subsequently on the numerical results. The values of ϕ′ and c′ were kept equal to the
mean as they were considered to be more likely to be met.
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Table 4-2: Values of the input parameters of the HS model for the mech-
anical sensitivity analysis.

Parameter Units Lower bound Mean Upper bound

Varied
E50/Eref50 [MPa] 200/97 300/145 400/194
Eur/Erefur [MPa] 615/298 900/436 1200/531
m [-] 0.50 0.70 0.87
ϕ′ [◦] 8 13 18
c′ [MPa] 0.10 0.25 0.40
KNC

0
∗ [-] 0.861 0.775 0.691

ψ [◦] 0 and 1 0 and 1 0 and 1

Non-varied
Eoed/Erefoed [MPa] - 340/145 -
νur [-] - 0.225 -
pref [MPa] - 0.1 -
Rf [-] - 0.9 -
e0 [-] - 0.7 -
OCR [-] - 2.4 -
* Calculated by default from KNC

0 = 1 - sinϕ′ (Jaky, 1944).

It is noted that for the lower bound an Eur = 615MPa was considered instead of Eur = 3E50
= 600MPa. That is because the latter led to an intersection of the paths of the stress points in
the vicinity of the tunnel with the cap of the HS model. The effects of compression hardening
on the numerical results have not been investigated in this chapter in order to reduce the
intricacy of this study. This is also the reason why the value of Erefoed has not been varied
as it was expected to influence significantly the steepness of the cap (Section 3-4-6-2), which
would have led to intersection with the generated stress paths. The value of νur was also not
varied as it was expected to influence mainly the response of the cap (see Sections 3-5-2-4,
3-5-3-3 and 3-5-4-4) as well as in order to reduce the level of complexity of the research.

4-3 Discussion on the numerical results

This section starts with the description and the explanation of the paths, in the p′− q plane,
of stress points in the vicinity of the tunnel. Then, the effect of the varied HS model input
parameters on the numerical results is investigated.

It is noted that the deviator stress is given by (Plaxis, 2011a):

q =
√

1
2[(σ′xx − σ′yy)2 + (σ′yy − σ′zz)2 + (σ′zz − σ′xx)2 + 6(σ2

xy + σ2
yz + σ2

zx)] (4-7)
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4-3-1 Effective stress paths in the vicinity of the tunnel

Figure 4-2 shows the Effective Stress Path (ESP) of a point at a horizontal distance of 4cm
from the tunnel sidewall. This plot depicts the ESP for the third (introduction of the tunnel)
and the fourth (contraction of the tunnel) calculation phases of the analysis (see Section 4-2-
2).

At the beginning of the third phase (point A in Figure 4-2) the ESP is situated at p′ =
2250kPa, which corresponds to a depth of -225m, and at q = 0kPa, since a value of K0 =
1.0 was introduced (see Section 4-2-1). The completion of this phase is marked by point B in
Figure 4-2. It is observed that this branch of the ESP is practically vertical, implying that
pure shearing occurs. This pattern is attributed to the fact that no coupling between δεev and
δq is considered by the HS model. In other words, the change in the elastic volumetric strains
is only influenced by the increment of p′. This can be expressed in mathematical form by:[

δεev
δγes

]
=
[
1/K ′ 0

0 1/3G

] [
δp′

δq

]
(4-8)

where γes is the elastic deviatoric strain, K ′ is the drained bulk modulus, G is the shear
modulus and δ denotes increment. For undrained conditions δεv = 0. Thus, from Equation 4-
8 it can be concluded that δp′ = 0, which explains the vertical ESP, on condition that the
latter is situated in the elastic domain (see below).
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Figure 4-2: Effective Stress Path, (ESP) in the deviator stress (q) versus mean effective stress
(p′) plot, of a stress point next to the tunnel sidewall (SW) for the analysis with the mean data
and for zero dilatancy angle. The red line indicates the position of the Mohr-Coulomb (MC)
criterion for Triaxial Compression (TC). Point A signifies the end of the second calculation phase.
Point B indicates the end of the calculation phase where the tunnel is introduced. Point C marks
the peak deviator stress. The black arrow shows the position (point D) where the ESP meets
the MC criterion. Point E marks the stress state at the completion of the calculation. KNC

0
is the coefficient of earth pressures for normal consolidation. The KNC

0 -line concerns triaxial
compression. r is the tunnel radius.
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The ESP turns to the left in the p′ − q plot from the onset of the last phase (after point
B in Figure 4-2). This seems to signify the yield of the material and the generation of εpv
as the value of p′ decreases. From Figure 4-2 it can be observed that the soil yields when
the projection of the ESP on the p′ − q plane surpasses the KNC

0 -line. This indicates that,
in general stress states, the shear hardening locus of the HS model is initiated along this
line (see Figure 3-22). From this observation, a different response of the model in triaxial
compression and in the case of an undrained tunnel excavation is identified: in the former
case no εpv were generated due to shear hardening (see Sections 3-5-2-1 and 3-5-4-1), whereas
they are produced in the latter. It is noted that the ESP does not intersect with the cap of
the HS model and, therefore, no plastic volumetric cap strains are generated. A flow rule
for the generation of εpv, in general stress states, owing to shear hardening, before dilatancy
is mobilised, has not been found in the literature for the HS model. It might be said that
εpv = εp1, where the latter is determined by an extended, in general stress space, version of
Equation 3-10.

The MC criterion is met (point D in Figure 4-2) at a different position than that corresponding
to triaxial compression, which indicates that the stress paths differ between a triaxial test
and a simulation of an undrained tunnel excavation, as mentioned in Section 3-6. After the
examined soil element is fully plastifies, its stress state travels along the MC surface until the
completion of the calculation (marked by point E in Figure 4-2), i.e. until the total prescribed
contraction is applied.

The evolution of the excess pore water pressures (uexcess) during the last calculation phase of
the simulation with the mean data is illustrated in Figure 4-3. The previous phases have not
been considered since uexcess = 0kPa. It is observed that they are negative and they decrease
throughout the analysis. This can be explained by considering the process that develops,
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Figure 4-3: Evolution of the excess pore water pressures (uexcess) of a point next to the tunnel
sidewall (SW), in the course of the last calculation phase (tunnel contraction), for the simulation
with the mean data and for zero dilatancy angle. The quantity ΣMStage denotes the percentage
of the completion of the calculation phase. r is the tunnel radius.
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Figure 4-4: Schematic representation of the pressures acting on a soil segment situated at the
walls of a circular cavity before (a) and after (b) undrained unloading.

due to undrained unloading, during an underground excavation. In Figure 4-4 an infinitely
small soil segment at the wall of a circular cavity is depicted. Before the excavation takes
place (Figure 4-4a) the ground pressures (p0) acting on the segment are equal in all directions
and the pore water pressures are equal to the in-situ ones (u0). During the excavation stage
(Figure 4-4b), the pressures acting on the side of the wall of the cavity (p1) decrease by a given
amount, x for instance. Since the conditions are undrained, this reduction of the isotropic
part of the stress release is taken by the pore water pressures (u1), which will decrease by x
as well. The latter quantity is equal to uexcess, which is negative.

It should be noted that uexcess are not generated as long as the stress change is purely
deviatoric and the material behaviour is isotropic elastic. They are produced after the soil
yields. From Figure 4-3 it is observed that the rate of decrease in uexcess reduces as the
calculation proceeds.

Figure 4-5 shows the ESP of three stress points, which are situated at different horizontal
distances from the sidewall of the tunnel. It is observed that they develop in an identical
manner however, they finish at larger p′ and smaller q as the distance from the sidewall
increases. This is attributed to the reduced level of straining that the farther soil elements
are subjected to. Furthermore, the ESP of the points at x = 2.11m and x = 4.09m (red
and green curve in Figure 4-5, respectively) from the sidewall of the excavation do not reach
failure. They are situated in the elastoplastic domain, where shear hardening occurs. The
lower amount of strains for these two points can also be noticed by the reduced level of
shearing they experience at the end of the third calculation phase, i.e. at the completion of
the emplacement of the tunnel (red and green dashed-dotted lines in Figure 4-5).

In Figure 4-6 the ESP of a point next to the sidewall of the excavation (blue curve) is compared
to the ones of a point located 1cm above the crown (red curve) and a point situated 11cm
below the invert (green curve). It can be observed that the ESP is similar in all directions
around the tunnel as all paths lie on the same line of the MC failure surface at the end of the
calculation. The difference in p′ at the beginning of the third calculation phase (emplacement
of the tunnel) is ascribed to the different depths of the considered stress points.
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Figure 4-5: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress (p′)
plot, of three stress points located at different horizontal distances (x) from the sidewall of the
tunnel, for the simulation with the mean data and for zero dilatancy angle. The dashed blue line
indicates the position where the ESP meets the MC criterion. The dashed-dotted lines indicate
the end of the calculation phase where the tunnel is introduced. r is the tunnel radius.
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Figure 4-6: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of three stress points located close to the sidewall (SW), the crown (CR) and the invert
(INV) of the tunnel, for the simulation with the mean data and for zero dilatancy angle. The
dashed lines indicate the position of the ESP at the end of the analyses. r is the tunnel radius.
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4-3-2 Influence of the varied model input parameters on the numerical results

In this section investigation on the effects of the input parameters of the HS model on specific
results of the numerical simulations of the undrained excavation is made. Also, the level of
influence of each parameter is studied. The examined results concern the thickness of the
fully Plastic Zone (PZ), the shear Hardening Zone (HZ) and the Disturbed Zone (DZ = PZ
+ HZ), and the hoop forces (N) in the tunnel liner.

This study has been assisted by inspecting the ESP and the deviator stress versus deviatoric
strains plots of a point situated 4cm away from the sidewall of the excavation, during the
third and the fourth calculation phases (see Section 4-2-2) of the analyses. The numerical
results for this point have been considered to be representative of the outcomes for all other
points around the excavation as the corresponding ESP were found to be similar (Figure 4-6).
Moreover, the resulting stresses and the pore water pressures at the end of the calculations,
along a radial line, have been utilised.

4-3-2-1 On the fully plastic and the shear hardening zones

The PZ is considered to be the part of the finite element mesh where the stress states of the
soil elements lie on the MC failure criterion (red points in Figure 4-7). The HZ comprises the
soil elements of which the stress states lie on the shear hardening locus of the HS model (green

Figure 4-7: Illustration of part of the finite element mesh with the fully plastified (with red colour)
stress points and the stess points of which the effective stress paths lie on the shear hardening
locus of the HS model (with green colour), at the end of the analysis with the mean data and
with zero dilatancy angle. The thickness of the fully Plastic Zone (PZ), the shear Hardening Zone
(HZ) and the Disturbed Zone is indicated.
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points in Figure 4-7). At the completion of the analysis with the mean data the thickness
of the PZ and the HZ is 1.7m and 16.2m, respectively. Therefore, the hydro-mechanical
disturbance in the host rock extends up to 1.7 + 16.2 = 17.9m away from the sidewall of the
excavation. The latter concerns the thickness of the DZ.

In Figure 4-7 it is observed that the DZ is almost circular, which may be attributed to the
assumed isotropic initial stress field (K0 = 1, thus σ′v = σ′h, see Section 4-2-1). The latter may
be responsible for the similar level of shearing (magnitude of q) experienced by the material
at equal radial distances around the periphery of the excavation, which can be inferred from
Figure 4-6.

4-3-2-2 Investigation on the influence of Eref50

In Table 4-3 it is observed that an increase in Eref50 causes a larger thickness of the PZ. This
may be attributed to the fact that the elastoplastic shear stiffness of the material increases.
For Eref50 equal to 97, 145 and 194MPa the values of the internal parameter Gref50 , which is a
measure of the elastoplastic shear stiffness of the soil (see Section 3-5-1), become 95, 178 and
317MPa, respectively. The stiffer response of the material for a rise in Eref50 can be observed in
the γs−q diagrams of a stress point next to the tunnel sidewall (Figure 4-8). The inclinations
of all curves are equal in the elastic domain, since the shear stiffness is controlled by Eur,
which remains unchanged, according to the equation below:

Gur = Eur
2(1 + νur)

(4-9)

where Gur is the stress-dependent unloading-reloading (elastic) shear modulus. However, the
slopes change after yield. The highest slope of the γs − q graph occurs for the highest value
of Eref50 (blue curve in Figure 4-8).

A stiffer material response entails a larger deviatoric stress increment for the same deviatoric
strain increment. As a result, a stiffer soil element will reach the MC failure criterion at a
lower level of γs (Figure 4-8). After the element fully plastifies, any additional load imposed
during the remaining steps of the analysis will be redistributed to its surroundings. The
amount of the redistributed load will be larger for the stiffer material since a larger portion
of the pre-defined strains (a contraction of 7.098% is introduced, see Section 4-2-2) needs to

Table 4-3: Effect of changing the reference secant modulus (Eref50 ) on the thickness of the
Plastic Zone (PZ), the Hardening Zone (HZ) and the Disturbed Zone (DZ), the hoop forces in
the tunnel liner (N) and the pore water pressures (u) of a stress point next to the tunnel sidewall,
at the end of the simulations.

Eref50 [MPa] PZ [m] HZ [m] DZ [m] N [MN] u [MPa]
ψ = 0◦ ψ = 1◦ ψ = 0◦ ψ = 1◦

97 0.56 17.12 17.68 4.754 4.728 0.695 0.546
145 1.70 16.20 17.90 4.382 4.297 0.568 0.275
194 3.02 13.58 16.60 4.041 3.909 0.452 0.070
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Figure 4-8: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point 4cm away
from the tunnel sidewall (SW), for different values of the reference secant modulus (Eref50 ) and
for zero dilatancy angle. The dashed lines indicate the amount of strains at which the stress path
meets the Mohr-Coulomb criterion. r is the tunnel radius.

be imposed until the end of the simulation. Consequently, the extent of the PZ will be larger
for a higher value of Eref50 .

The thickness of the HZ decreases for an increase in Eref50 (Table 4-3). This is probably
attributed to the smaller amount of q that is redistributed from stiffer stress points (as
they experience larger δq, see Figure 4-8), that lie on the shear hardening locus, to their
surroundings. Hence, the extent of the mesh where the stress states of the soil elements lie
on the shear locus (green points in Figure 4-7) reduces. It can be concluded that the effect
of the smaller load redistribution in the elastoplastic domain is more significant than that of
the redistribution of larger q in the fully plastic domain, as the thickness of the HZ decreases
(Table 4-3). No pattern is identified for the extent of the DZ (Table 4-3). It increases slightly
for an increase of Eref50 from 97 to 145MPa, whereas it reduces for a further increase of Eref50
to 194MPa.

The hoop forces in the tunnel liner decrease for an increase in Eref50 (Table 4-3). This is owing
to the reduced total radial stresses (σr) and total tangential stresses (σt) that act on the
periphery of the excavation. The profiles of the total stresses are illustrated in Figure 4-9. In
this plot it is observed that the total stresses at the sidewall of the tunnel (at a distance of
2.4m from the tunnel centerline) reduce for an increase in Eref50 , as a result of the decreased
radial effective stresses (σ′r) and pore water pressures (σr = σ′r + u) at the same location
(Figures 4-10 and 4-11, respectively).
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Figure 4-9: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the reference secant modulus (Eref50 ) and for zero dilatancy angle. r is the
tunnel radius.
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Figure 4-10: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the reference secant modulus (Eref50 ) and for zero dilatancy angle. r
is the tunnel radius.
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Figure 4-11: Pore water pressures, along a radial line, for different values of the reference secant
modulus (Eref50 ) and for zero dilatancy angle. r is the tunnel radius.
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Figure 4-12: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point 4cm away from the tunnel sidewall (SW), for different values of the reference
secant modulus (Eref50 ) and for zero dilatancy angle. The dashed lines indicate the end of each
ESP (with the corresponding colour) at the completion of the calculation. The dashed-dotted lines
indicate the position at which the ESP meet the Mohr-Coulomb criterion. These lines coincide
for the case of the analysis with Eref50 = 97MPa. r is the tunnel radius.
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The reduction in σ′r and u may be explained by investigating the ESP of a point next to
the tunnel sidewall (Figure 4-12). The latter ends at lower p′ and q for an increase in Eref50 ,
possibly due to the fact that a stiffer soil element meets the MC criterion at lower level of
γs (see Figure 4-8). Thus, its path along the MC failure line until the completion of the
calculation, in the p′ − q plane, will be longer (Figure 4-12). Smaller values of p′ and q
imply a decrease in the effective radial and tangential stresses (σ′r and σ′t, respectively). The
decrease in u may be explained by the notion that a larger decrease in p′ is accompanied by
more negative uexcess. Consequently, the pore water pressures, which are derived from adding
u0 (compressive) and uexcess (tensile), decrease, i.e. they become less compressive for a rise
in Eref50 .

The reduction in p′ is larger for a decrease in Eref50 , in the branch of the ESP which lies
between the initial yield and the MC criterion (Figure 4-12). This may imply the generation
of larger εpv. The hypothesis that εpv = εp1 (Section 4-3-1) might explain this observation since
a decrease in Eref50 causes larger εp1 in triaxial stress conditions (see Equations 3-3 and 3-10).

For the analyses with ψ = 1◦, no change is induced in the extent of the PZ, the HZ and the
DZ. The effect of varying the values of Eref50 is the same with the simulations where ψ = 0◦.

(Table 4-3). This can be inferred by the fact that the material fully plastifies at the same
level of γs for ψ = 0◦ and ψ = 1◦ (Figures 4-8 and 4-13, respectively). On the other hand, a
slight reduction in N and a more significant decrease in u occurs, compared to the analyses
where no dilatancy is introduced. This is due to the increase in the tensile uexcess, which
result from the tendency of the soil to dilate. The latter is initiated when the mobilised shear
strength of the material reaches a level defined by Equations 3-14 to 3-17.

The effect of prevention of dilation of the material on the resulting values of N is limited due
to the larger generated σ′r and σ′t than these of the analyses with the non-dilatant material.
For Eref50 = 145MPa and ψ = 0◦, σ′r = 1.148MPa and u = 0.568MPa, whereas for ψ = 1◦
and for the same shear stiffness, σ′r = 1.407MPa and u = 0.275MPa. Therefore, the total
radial stresses (=σ′r + u), which predominantly affect the hoop forces in the liner, are similar
in both cases (σr = 1.717MPa for ψ = 0◦ and σr = 1.682MPa for ψ = 1◦).

The fact that the generated effective stresses at the sidewall of the tunnel are larger for the
analyses with ψ = 1◦ can be explained by comparing the resulting ESP of a point at this
location, from two simulations where the dilatancy angle is changed from 0◦ to 1◦ and Eref50
is constant (Figure 4-14). It is observed that for a dilatant material the ESP turns to the
right when its tendency to dilate occurs (blue curve), i.e. p′ increases due to the generation of
additional tensile uexcess, and q increases. Consequently, the produced effective stresses are
larger for ψ = 1◦ at the completion of the simulation.

The numerical results for the analyses with ψ = 1◦, in terms of effective and total stress
profiles, ESP in the p′ − q plane, γs − q plots and pore water pressures profiles, are depicted
in Figures A-4, A-5, A-6, 4-13 and A-7, respectively.
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Figure 4-13: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to
the tunnel sidewall (SW), for different values of the reference secant modulus (Eref50 ) and for
dilatancy angle equal to 1◦. The dashed lines indicate the amount of strains at which the stress
path meets the Mohr-Coulomb criterion. r is the tunnel radius.
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Figure 4-14: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point 4cm away from the tunnel sidewall (SW), for a value of the reference secant
modulus Eref50 = 145MPa and for values of the dilatancy angle ψ = 0◦ and 1◦. The dashed lines
indicate the position at which the ESP meet the Mohr-Coulomb criterion. r is the tunnel radius.
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4-3-2-3 Investigation on the influence of Erefur

The thickness of the PZ remains practically unchanged for a change in Erefur (Table 4-4). That
is because the elastoplastic shear stiffness of the material is not altered significantly, leading
to a similar level of redistributed q after the ESP of the points in the vicinity of the excavation
reach the MC criterion (see Section 4-3-2-2). For Erefur equal to 298, 436 and 581MPa, the
values of Gref50 become 209, 178 and 175MPa, respectively. The significant change in the
reference elasto-plastic shear stiffness for Erefur = 298MPa does not seem to be realistic. That
is because a change in Erefur is expected to influence only the elastic shear stiffness of the
material. This inconsistency, which probably arises from the internal algorithm performed
by the program (Section 3-4-8), can be inferred by inspecting the negligible effect of varying
Erefur on the values of Gref50 in Table 3-8. Probably, a Erefur = 298MPa seems to be low for the
considered set of the model input parameters.

The insignificant influence of Erefur on the width of the PZ can be inferred from the γs−q plot
in Figure 4-15. It is observed that the stress point next to the sidewall of the excavation meets
the MC failure criterion at a similar level of deviatoric strains for Erefur = 436 and 581MPa
and at slightly smaller γs for Erefur = 298MPa, which explains the somewhat larger thickness
of the PZ for the latter. The curve which corresponds to Erefur = 298MPa (green curve) is
somewhat steeper after initial yield, owing to the larger value of Gref50 .

The thickness of the HZ increases for an increase in Erefur (Table 4-4). This may be ascribed
to the fact that the elastic shear stiffness of the material increases (see Equation 4-9), causing
it to yield at smaller amount of deviatoric strains. This can be observed in Figure 4-15, where
the inclination of the linear part of the γs − q plot at low level of strains (elastic domain)
increases for an increase in Erefur . Consequently, the extent of the mesh where the soil elements
of which the stress states meet the shear hardening locus (green points in Figure 4-7) will be
larger for an increase in the elastic stiffness of the soil.

The slight change in the thickness of the PZ and the increase in the width of the HZ, due
to an increase in Erefur , induce a larger extent of the hydro-mechanical disturbance (thickness
of DZ in Table 4-4). The thickness of the latter can also be observed in the total stresses
and the pore water pressures profiles (Figures 4-16 and 4-17, respectively). In the former it
is marked by the position of the peak value of σt and in the latter by the distance at which
u stabilise.

Table 4-4: Effect of changing the reference un-/reloading modulus (Erefur ) on the thickness of
the Plastic Zone (PZ), the Hardening Zone (HZ) and the Disturbed Zone (DZ), the hoop forces
in the tunnel liner (N) and the pore water pressures (u) of a stress point next to the tunnel
sidewall, at the end of the simulations.

Erefur [MPa] PZ [m] HZ [m] DZ [m] N [MN] u [MPa]
ψ = 0◦ ψ = 1◦ ψ = 0◦ ψ = 1◦

298 1.87 11.93 13.80 4.535 4.463 0.525 0.288
436 1.70 16.20 17.90 4.382 4.297 0.568 0.275
581 1.62 19.38 21.00 4.264 4.160 0.617 0.250
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Figure 4-15: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to the
tunnel sidewall (SW), for different values of the reference unloading-reloading modulus (Erefur ) and
for zero dilatancy angle. The dashed lines indicate the amount of strains at which the stress path
meets the Mohr-Coulomb criterion. r is the tunnel radius. The amount of γs at which the material
fully plastifies differs between this case and the respective case with ψ = 1◦ (Figure A-11), as the
results of the former have been obtained for an increased accuracy of the analysis.

The hoop forces in the liner decrease for an increase in Erefur (Table 4-4), as a result of the
decrease in σr and σt (Figure 4-16) close to the excavation. The total stresses (=σ′ + u)
reduce as the decrease in σ′r and σ′t (Figure 4-18) is more significant than the increase in u
(Figure 4-17) at the same position (i.e. at 2.4m from the tunnel centerline). The former can
be explained by the ESP of a point next to the tunnel sidewall, which reach smaller p′ and q
(thus, smaller σ′r and σ′t) at the end of the calculation for an increase in Erefur (Figure 4-19).

The line of reasoning followed in Section 4-3-2-2 cannot explain the increase in u for a rise in
Erefur . Even though the ESP reaches the lowest value of p′ for Erefur = 581MPa (blue curve in
Figure 4-19), the produced negative uexcess seem to be the lowest as the resulting compressive
u (=u0 + uexcess) are the highest (blue curve in Figure 4-17).

An increase in Erefur causes a larger reduction in p′ (Figure 4-19), which might imply an increase
in the generated εpv in the elastoplastic domain. This may be explained by the formula for the
calculation of εp1 (Equation 3-10) if the hypothesis that εp1 = εpv (Section 4-3-1) holds true.

When dilatancy is introduced, the resulting thickness of the PZ, the HZ and the DZ remain
unchanged, whereas the hoop forces and pore water pressures decrease (Table 4-4), for the
reasons explained in Section 4-3-2-2. The numerical results for ψ = 1◦, in terms of effective
and total stress profiles, ESP in the p′−q plane, γs−q plots and pore water pressures profiles,
are depicted in Figures A-8, A-9, A-10, A-11 and A-12, respectively.
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Figure 4-16: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the reference unloading-reloading modulus (Erefur ) and for zero dilatancy angle.
r is the tunnel radius.
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Figure 4-17: Pore water pressures, along a radial line, for different values of the reference
unloading-reloading modulus (Erefur ) and for zero dilatancy angle. r is the tunnel radius
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Figure 4-18: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the reference unloading-reloading modulus (Erefur ) and for zero dilatancy
angle. r is the tunnel radius.
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Figure 4-19: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress (p′)
plot, of a point next to the tunnel sidewall (SW), for different values of the reference unloading-
reloading modulus (Erefur ) and for zero dilatancy angle. The dashed lines indicate the intersection
of each ESP (with the corresponding colour) with the Mohr-Coulomb criterion. r is the tunnel
radius.
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4-3-2-4 Investigation on the influence of m

An increase in the value of m leads to a slight increase in the thickness of the PZ (Table 4-
5). This may be attributed to the induced rise in the value of E50 (see Equation 3-5), which
causes a larger elastoplastic shear stiffness of the material (the γs−q curve becomes somewhat
steeper after yield, Figure 4-20). On the other hand, the value of Gref50 decreases slightly: for
m equal to 0.5, 0.7 and 0.87, Gref50 becomes 181, 178 and 176MPa, respectively. This effect
seems to be negligible. The influence of the magnitude of the elastoplastic shear stiffness on
the extent of the PZ has been explained in Section 4-3-2-2.

The width of the HZ increases for a rise in m, probably due to the increase in Eur and thus,
in Gur (Equations 3-6 and 4-9, respectively), which causes the material to yield at smaller
amount of deviatoric strains, as explained in Section 4-3-2-3. The larger elastic shear stiffness
for an increase in m is hardly observed in Figure 4-20, where the linear part of the curve at
low level of γs becomes slightly steeper. It can be concluded that this particular effect is more
significant than that of the smaller redistribution of q due to the larger elastoplastic shear
stiffness (caused by the rise in E50), which induced a smaller extent of the HZ in Section 4-
3-2-2. The thickness of the DZ increases for an increase in m as the width of the PZ and the
HZ becomes larger.

The hoop forces in the tunnel liner reduce for an increase in m since the total radial and
tangential stresses, which result from adding the effective stresses (Figure 4-21) and the pore
water pressures (Figure 4-22) close to the tunnel sidewall, decrease (Figure 4-23). Explana-
tions for the influence of varying the values of m on the aforementioned results can be given
in by inspecting the ESP in Figure 4-24, similarly to Section 4-3-2-2.

The greater decrease in p′ in the elastoplastic domain for an increase in m (Figure 4-24),
may imply larger produced εpv (Section 4-3-2-2). Furthermore, it can be concluded that the
effect of the increase in Eur, on the elastoplastic branch of the ESP of a point next to the
tunnel sidewall (Figure 4-19), is more significant than that of the rise in E50 (Figure 4-12) as
the path turns more to the left in the p′ − q plane (Figure 4-24), which was observed in the
former case (Figure 4-19). On the other hand, the influence of the rise in E50 is predominant
in terms of the level of γs at failure as the soil element fully plastifies at smaller deviatoric
strains (Figure 4-20).

Table 4-5: Effect of changing the level of stress dependency of stiffness (m) on the thickness of
the Plastic Zone (PZ), the Hardening Zone (HZ) and the Disturbed Zone (DZ), the hoop forces
in the tunnel liner (N) and the pore water pressures (u) of a stress point next to the tunnel
sidewall, at the end of the simulations.

m [-] PZ [m] HZ [m] DZ [m] N [MN] u [MPa]
ψ = 0◦ ψ = 1◦ ψ = 0◦ ψ = 1◦

0.50 1.40 14.30 15.70 4.585 4.521 0.595 0.356
0.70 1.70 16.20 17.90 4.382 4.297 0.568 0.275
0.87 1.88 18.12 20.00 4.220 4.114 0.553 0.212
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Figure 4-20: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to the
tunnel sidewall (SW), for different values of the rate of stress dependency of stiffness (m) and for
zero dilatancy angle. The dashed lines indicate the amount of strains at which the stress path
meets the Mohr-Coulomb criterion. r is the tunnel radius.
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Figure 4-21: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the rate of stress dependency of stiffness (m) and for zero dilatancy
angle. r is the tunnel radius.
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Figure 4-22: Pore water pressures, along a radial line, for different values of the rate of stress
dependency of stiffness (m) and for zero dilatancy angle. r is the tunnel radius.
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Figure 4-23: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the rate of stress dependency of stiffness (m) and for zero dilatancy angle. r
is the tunnel radius.
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Figure 4-24: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point next to the tunnel sidewall (SW), for different values of the rate of stress
dependency of stiffness (m) and for zero dilatancy angle. The dashed lines indicate the end of
each ESP (with the corresponding colour) at the completion of the calculation. r is the tunnel
radius.

The use of ψ = 1◦ induces smaller N and u, compared to the analyses where ψ = 0◦, for the
reasons explained in Section 4-3-2-2. The numerical results for ψ = 1◦, in terms of effective
and total stress profiles, ESP in the p′−q plane, γs−q plots and pore water pressures profiles,
are depicted in Figures A-13, A-14, A-15, A-16 and A-17, respectively.

4-3-2-5 Investigation on the influence of ϕ′

The width of the PZ decreases for an increase in ϕ′ (Table 4-6). A rise in the effective friction
angle induces an increase in E50 (Equation 3-5) and Eur (Equation 3-6), and a decrease in
Gref50 . Regarding the latter, for ϕ′ equal to 8, 13 and 18 degrees the value of Gref50 becomes
203, 178 and 159MPa, respectively. The combination of the effects of the aforementioned
changes results in a larger elastoplastic shear stiffness of the material, as the inclination of

Table 4-6: Effect of changing the effective friction angle (ϕ′) on the thickness of the Plastic
Zone (PZ), the Hardening Zone (HZ) and the Disturbed Zone (DZ), the hoop forces in the tunnel
liner (N) and the pore water pressures (u) of a stress point next to the tunnel sidewall, at the
end of the simulations.

ϕ′ [◦] PZ [m] HZ [m] DZ [m] N [MN] u [MPa]
ψ = 0◦ ψ = 1◦ ψ = 0◦ ψ = 1◦

8 2.31 19.39 21.70 5.844 5.773 0.888 0.540
13 1.70 16.20 17.90 4.382 4.297 0.568 0.275
18 1.23 14.57 15.80 3.076 2.998 0.276 0.052
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the γs−q plot increases after yield (Figure 4-25). Thus, the influence of the rise in E50, which
entails a larger stress-dependent elastoplastic shear modulus (G50), seems to be prevalent.
Nevertheless, the MC criterion is met at larger γs for higher values of ϕ′ owing to the increase
in size of the failure surface in principal stress space. In other words, the soil elements with
a larger ϕ′ are able to reach a higher level of q before failure. Consequently, the extent of the
PZ will be smaller since the amount of the redistributed load reduces after the soil elements
fully plastify (see Section 4-3-2-2).

The extent of the HZ decreases for an increase in ϕ′ (Table 4-6) due to the larger elastoplastic
stiffness of the stress points which lie on the shear hardening locus (see Section 4-3-2-2). The
influence of the larger Eur, which caused a bigger thickness of the HZ in Section 4-3-2-3,
seems to be outweighed by the effect of the higher value of E50. As a result, the thickness of
the DZ (=PZ + HZ) is also smaller for larger effective friction angle (Table 4-6).

The hoop forces in the liner and the pore water pressures decrease for larger ϕ′, for the
reasons explained in Sections 4-3-2-2 and 4-3-2-4. The ESP, for different values of ϕ′, of a
point located 4cm away from the sidewall of the tunnel are portrayed in Figure 4-26. It is
observed that the considered stress point yields at different values of the deviator stress, which
can also be inspected in the γs − q plot in Figure 4-25. This is ascribed to the fact that the
shear hardening locus, which is initiated along the KNC

0 -line (see Figure 4-2 in Section 4-3-1),
is located at different positions in principal stress space since KNC

0 decreases for an increase
in ϕ′ (Table 4-2).

The profiles of the effective stresses, the total stresses, and the pore water pressures for the
analyses with ψ = 0◦ are depicted in Figures A-1, A-2 and A-3, respectively.
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Figure 4-25: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to
the tunnel sidewall (SW), for different values of the effective friction angle (ϕ′) and for zero
dilatancy angle. The dashed lines indicate the amount of strains at which the stress path meets
the Mohr-Coulomb criterion. r is the tunnel radius.
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Figure 4-26: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point next to the tunnel sidewall (SW), for different values of the effective friction
angle (ϕ′) and for zero dilatancy angle. The dashed lines indicate the intersection of each ESP
(with the corresponding colour) with the Mohr-Coulomb criterion. r is the tunnel radius.

Similarly to the previous sections, the resulting N and u are lower for the analyses with
ψ = 1◦, compared to the simulations with ψ = 0◦. The numerical results from the former, in
terms of effective and total stress profiles, ESP in the p′−q plane, γs−q plots and pore water
pressures profiles, are depicted in Figures A-18, A-19, A-20, A-21 and A-22, respectively.

4-3-2-6 Investigation on the influence of c′

An increase in the value of c′ induces a reduced thickness of the PZ. The values of E50
and Eur decrease for a rise in c′ (Equations 3-5 and 3-6, respectively), which seems to be
counter-intuitive, and the values of Gref50 are not altered. Despite the first and the third,
the elastoplastic stiffness of the material increases since the γs − q curve becomes steeper
after yield (Figure 4-27). Nevertheless, the considered stress point reaches the MC criterion
at larger value of γs, probably owing to the fact that the failure surface increases in size in
principal stress space for larger c′. Thus, the extent of the PZ decreases owing to the lower
amount of redistributed q after the soil elements fully plastify (see Section 4-3-2-5).

The thickness of the HZ decreases for an increase in c′ as the stiffness of the soil in the
elastoplastic domain rises (Section 4-3-2-2). The decrease in the width of the PZ and the HZ
result in a reduction in the extent of the hydro-mechanical disturbance (thickness of the DZ)
for an increase in c′.

The forces in the tunnel liner and u decrease for an increase in c′. The former can be explained
by inspecting the resulting effective and total stresses, the ESP and the pore water pressures
close to the tunnel sidewall (Figures 4-28, 4-29, 4-30 and 4-31, respectively), similarly to the
previous sections. Nevertheless, the smaller u cannot be explained by the notion that the
tensile uexcess increase for a larger reduction in p′, as it is not supported by inspecting the
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Table 4-7: Effect of changing the effective cohesion (c′) on the thickness of the Plastic Zone
(PZ), the Hardening Zone (HZ) and the Disturbed Zone (DZ), the hoop forces in the tunnel liner
(N) and the pore water pressures (u) of a stress point next to the tunnel sidewall, at the end of
the simulations.

c′ [MPa] PZ [m] HZ [m] DZ [m] N [MN] u [MPa]
ψ = 0◦ ψ = 1◦ ψ = 0◦ ψ = 1◦

0.10 3.20 21.00 24.20 5.105 4.905 0.797 0.306
0.25 1.70 16.20 17.90 4.382 4.297 0.568 0.275
0.40 0.80 14.80 15.60 3.735 3.695 0.425 0.243

ESP in Figure 4-30. The hypothesis for the evolution of the excess pore water pressures does
not hold true for the analyses where the values of Erefur and c′ are varied.

From Figure 4-30 it can be inferred that the stress point next to the tunnel sidewall yields at
different values of q when c′ is varied. That is because the shear hardening locus is initiated
at higher position in the p′ − q plane for an increase in c′ owing to the intersection with the
q−axis at a larger value (see Figure 3-18).

The hoop forces in the tunnel liner and the pore water pressures resulting from the analyses
with ψ = 1◦ are lower that those of the simulations with ψ = 0◦ (Table 4-7), for the reasons
explained in Section 4-3-2-2. The numerical outcomes of the analyses with ψ = 1◦, in terms
of effective and total stress profiles, ESP in the p′ − q plane, γs − q plots and pore water
pressures profiles, are depicted in Figures A-23, A-24, A-25, A-26 and A-27, respectively.
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Figure 4-27: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to the
tunnel sidewall (SW), for different values of the effective cohesion (c′) and for zero dilatancy angle.
The dashed lines indicate the amount of strains at which the stress path meets the Mohr-Coulomb
criterion. r is the tunnel radius.
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Figure 4-28: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the effective cohesion (c′) and for zero dilatancy angle. r is the tunnel
radius.
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Figure 4-29: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the effective cohesion (c′) and for zero dilatancy angle. r is the tunnel radius.
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Figure 4-30: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point next to the tunnel sidewall (SW), for different values of the effective cohesion
(c′) and for zero dilatancy angle. The dashed lines indicate the intersection of each ESP (with
the corresponding colour) with the Mohr-Coulomb criterion. r is the tunnel radius.
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Figure 4-31: Pore water pressures, along a radial line, for different values of the effective cohesion
(c′) and for zero dilatancy angle. r is the tunnel radius.
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4-4 Level of influence of the varied model input parameters
In this section a preliminary estimation of the level of influence of each of the varied HS model
input parameters on the thickness of the PZ, the HZ and the DZ, as well as the magnitude of
N and the magnitude of u at the tunnel sidewall, is made. In addition, the input parameters,
which affect these results the most, are identified.

This is achieved by calculating the percentage change in the aforementioned numerical results,
induced by a percentage change of each of the varied model input parameters. The calculations
are made for the cases where the model input parameters are increased:

• from their lower bound value to their upper bound value

• from their lower bound value to their mean value

• from their mean value to their upper bound value

An example, for the case where the level of influence of the increase in Eref50 from 97MPa to
194MPa (increase from the lower bound value to the upper bound value) on the change in
the thickness of the PZ is investigated (see Table 4-3), is given below.

Increase in Eref50 by 100% = 194MPa− 97MPa
97MPa induces

Increase in PZ thickness by 439% = 3.02m− 0.56m
0.56m

(4-10)

As a result, a change in the value of Eref50 by 100% causes an increase in the thickness of the
PZ by 439%. The level of influence for all other cases is determined in a similar fashion. To
this purpose, the findings in Tables 4-3 to 4-7 are utilised. The results are summarised in
Table 4-8.

On inspection of the results in Table 4-8, the following conclusions can be drawn:

• The thickness of the PZ is mainly influenced by Eref50 ,

• the width of the HZ is predominantly affected by Erefur ,

• the effect of Erefur on the thickness of the DZ is the most prevalent,

• the magnitude of N is primarily influenced by ϕ′, and

• the magnitude of u is mostly affected by ϕ′.

The thickness of the PZ is affected, in a lower degree than that of Eref50 , by ϕ′ and m. The
width of the HZ is influenced, in a lower level than that of Eur, by m, ϕ′ and Eref50 . The
m parameter and ϕ′ follow after Erefur , in terms of the level of influence on the extent of the
hydro-mechanical disturbance (DZ). The magnitude of N and u seems to be mainly affected
by Eref50 and c′, after ϕ′.

As mentioned in Section 4-2-3 in a mechanical sensitivity analysis, the effect of all values
assigned to the HS model input parameters (lower bound, mean and upper bound) is assumed
to retain the same weight on the numerical results, which is not the case when a stochastic
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Table 4-8: Percentage change in the thickness of the Plastic Zone (PZ), the Hardening Zone
(HZ) and the Disturbed Zone (DZ), the magnitude of the hoop forces in the tunnel liner (N)
and the pore water pressures (u) of a stress point next to the tunnel sidewall, induced by the
percentage changes in the values (from lower to upper bound, from lower bound to mean and
from mean to upper bound) of the HS model input parameters. The results are obtained by
utilising the data of Tables 4-3 to 4-7.

Lower to upper bound Change in (%)
Parameter Increase by (%) PZ HZ DZ N u

Eref50 100 +439 -21 -6 -15 -35
Erefur 95 -13 +62 +52 -6 +18
m 74 +34 +27 +27 -8 -7
ϕ′ 125 -47 -25 -27 -47 -69
c′ 300 -75 -30 -36 -27 -47

Lower bound to mean
Parameter Increase by (%) PZ HZ DZ N u

Eref50 49 +204 -5 +1 -8 -18
Erefur 46 -9 +36 +30 -3 +8
m 40 +21 +13 +14 -4 -5
ϕ′ 63 -26 -16 -18 -25 -36
c′ 150 -47 -23 -26 -14 -29

Mean to upper bound
Parameter Increase by (%) PZ HZ DZ N u

Eref50 34 +78 -16 -7 -8 -20
Erefur 33 -5 +20 +17 -3 +9
m 24 +11 +12 +12 -4 -3
ϕ′ 38 -28 -10 -12 -30 -51
c′ 60 -53 -9 -13 -15 -25

analysis is performed. It is noted that the current investigation concerns a deterministic study
on the level of influence of the input parameters.

In Table 4-8 it is observed that a rise in c′ by 60% induces a decrease in the width of the
PZ by 53%, which is larger than that of an increase in c′ by 150% (the thickness of the PZ
reduces by 47% in this case). This indicates that the relationship between the changes in the
values c′ and the alterations they induce in the extent of the PZ is not linear. This seems to
hold true for all the other considered parameters and numerical results.

It is noted that the effect of σr on the resulting hoop forces is much more significant than
that of σt. That is because the percentage change in the values of N is found to be equal to
the percentage change in the magnitude of σr.
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4-5 Summary
In this chapter a deep tunnel excavation in the Boom Clay formation was numerically simu-
lated in plane strain conditions and under undrained conditions, with the PLAXIS 2D 2011
finite element program. The response of the BC material was modelled with the Hardening
Soil (HS) model.

The aim of this chapter was the investigation of the individual effect and of the level of
influence of particular HS model input parameters on selected numerical results, by means of
a mechanical sensitivity analysis. To this purpose, 22 numerical simulations were performed,
where the values of the input parameters were individually varied to an upper and a lower
bound, for values of the dilatancy angle (ψ) equal to 0◦ and 1◦. The numerical outcomes of
two analyses (one with ψ = 0◦ and one with ψ = 1◦), where the values of the model input
parameters were equal to the mean of the ranges used, served as a basis for comparison with
the results of all other simulations. This set of parameters was referred to as mean data. The
varied HS model input parameters were the reference secant modulus (Eref50 ), the reference
un-/reloading modulus (Erefur ), the rate of the level of stress dependency of stiffness (m), the
effective friction angle (ϕ′) and the effective cohesion (c′).

First the boundaries of the finite element mesh and the boundary conditions of the problem
were outlined. The geometry of the tunnel and the liner properties were summarised. The
main assumptions made for the development of the geotechnical model were listed. Sub-
sequently, the calculation phases of the numerical simulation were described. A description
of the set up of the mechanical sensitivity analysis was given.

Subsequently, the Effective Stress Paths (ESP) of stress points close to the periphery of the
tunnel, resulting from the analysis with the initial data and for ψ = 0◦, were presented
in terms of the deviator stress (q) versus the mean effective stress (p′), and explained, for
investigating the HS model response in undrained excavation.

The examined numerical results concerned the thickness of the fully Plastic Zone (PZ) around
the excavation, the width of the shear Hardening Zone (HZ), and the extent of the hydro-
mechanical disturbance or the extent of the Disturbed Zone (DZ = PZ + HZ). Furthermore,
the influence of the varied HS model input parameters on the resulting axial liner forces (N)
and the generated pore water pressures (u) at the tunnel sidewall was examined.

It was found that the extent of the PZ is influenced by the magnitude of the elastoplastic
shear stiffness of the material, which controls the amount of deviatoric strains (γs) at failure.
The latter is significant as all analyses were performed by applying a constant amount of the
tunnel contraction (i.e. the amount of imposed strains was kept constant). In such case, a
larger shear stiffness in the elastoplastic domain entails failure of the soil elements at lower
level of (γs). Consequently, a larger amount of q is redistributed from the fully plastified soil
elements to their surroundings, as a larger portion of the prescribed γs needs to be applied
after failure, until the completion of the simulation. Thus, the extent of the PZ increased for
an increase in the elasto-plastic shear stiffness of the material. The thickness of the PZ was
found to increase for a rise in the values of Eref50 and m. On the other hand, an increase in
the values of ϕ′ and c′ was found to induce a smaller extent of the PZ. The un-/reloading
modulus was found not to influence the extent of the PZ.

The thickness of the HZ was found to be influenced by both the elastoplastic and the elastic
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shear stiffness of the material. A rise in the first induced a smaller extent of the HZ as a
lower amount of q was redistributed from stiffer stress points, of which the ESP lay on the
shear hardening locus, to their surroundings. On the contrary, an increase in the elastic shear
stiffness caused the ESP of the stress points which were situated in the elastic domain to
yield at a smaller amount of γs, leading to a larger extent of the HZ. The thickness of the
HZ was found to increase for a rise in the values of Erefur and m. A rise in Eref50 , ϕ′ and c′ led
to a reduction in the extent of the HZ. The thickness of the DZ, which is derived by adding
the width of the PZ and the HZ, increased for a rise in the values of Erefur and m, whereas it
reduced for an increase in the magnitudes of Eref50 , ϕ′ and c′.

The pore water pressures next to the sidewall of the tunnel were found to be affected by
the generated negative excess pore water pressures (uexcess). The produced u reduced for an
increase in the values of Eref50 , m, ϕ′ and c′, whereas they increased slightly for a rise in the
magnitude of Erefur .

The hoop forces in the tunnel liner were found to be mainly influenced by the magnitude
of the total radial stresses (σr) acting on the periphery of the excavation, which result from
adding the generated radial effective stresses (σ′r) and u. For the simulations where ψ = 0◦
was used, the value of N was found to reduce for an increase in the values of all varied model
input parameters. This reduction was larger for the analyses where ψ = 1◦ was used, owing
to the generation of more negative uexcess and therefore, to the generation of less compressive
u acting on the liner. Aside from the different magnitudes of N and u, the thickness of the
PZ, the HZ and the DZ was found to remain constant for ψ = 0◦ and ψ = 1◦.

A preliminary estimation of the level of influence of each varied model input parameter on
the numerical results followed.

Finally, the varied model input parameters which affect the investigated numerical results the
most were identified. It was found that the thickness of the PZ is mainly influenced by Eref50 .
The extent of the HZ and the DZ were mostly affected by Erefur . The magnitudes of N and u
were predominantly influenced by ϕ′.
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Chapter 5

Conclusions and recommendations

5-1 Conclusions
The conclusions drawn for the Hardening Soil (HS) model performance regarding the numer-
ical simulations of the laboratory tests, presented in Chapter 3, are discussed in Section 5-
1-1. Subsequently, the findings of the numerical analyses of the undrained tunnel excavation
(Chapter 4) are presented in Section 5-1-2. Finally, in Section 5-1-3 the main limitations of
the current research are discussed.

5-1-1 On the performance of the HS model in simulating the laboratory tests

The HS model was considered to perform best, among the assessed soil models, in simulating
the triaxial tests and the oedometer test performed by Deng et al. (2011b).

The HS model captures well the response of the Boom Clay (BC) material of the Ess75Tr
drained triaxial compression tests performed by Deng et al. (2011b). The model was found to
reproduce satisfactorily the evolution of the stiffness and the mobilised shear strength of the
material in Normally Consolidated (NC) and Over-Consolidated (OC) conditions, especially
at a low level of axial strain (εa ≤ 5%). Furthermore, the peak deviator stress in the OC
specimens was fairly well computed however, it was reached at larger εa than in the actual
tests. The volumetric behaviour of the soil was found to be well simulated for NC conditions
and for high values of the Over-Consolidation ratio (OCR). However, this did not hold true
for intermediate values of the OCR. Furthermore, the HS model does not account for the
strain softening exhibited by the material in OC conditions.

The HS model was found to perform competently in simulating the resulting slope of the virgin
compression line and the void ratio at the end of the un-/reloading paths of the Ess75Oedo1
oedometer test conducted by Deng et al. (2011b). The significant hysteresis and the swelling
potential exhibited by the specimen were qualitatively well reproduced. Nevertheless, the HS
model does not consider the time-dependent consolidation behaviour of the material.
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5-1-2 On the findings of the numerical simulations of the undrained tunnel ex-
cavation

On the extent of the hydro-mechanical diturbance

The extent of the hydro-mechanical disturbance around the tunnel excavation was found
to depend primarily on the shear stiffness of the material in the elastic domain and in the
elastoplastic domain. The former, which is controlled by the elastic shear modulus (Gur),
determines the amount of the deviatoric strains (γs) at initial yield and thus, the thickness
of the elastoplastic Hardening Zone (HZ). The thickness of the HZ was found to be mostly
affected by the magnitude of the reference un-/reloading modulus (Erefur ), which determines
the value of Gur. The extent of the HZ was found to increase (or decrease) for a rise (or a
reduction) in the value of Erefur .

The elasto-plastic shear stiffness, which is determined by the elasto-plastic shear modulus
(G50), was found to affect the amount of γs at failure and therefore, the thickness of the fully
Plastic Zone (PZ). The influence of G50 on the extent of the HZ was less significant than
that of Gur. The radial extent of the PZ was found to be mainly influenced by the value of
the reference secant modulus (Eref50 ), which controls the magnitude of G50. An increase (or a
decrease) in Eref50 induced a rise (or a decrease) in the extent of the PZ.

The dependency of the HS model response on the shear moduli is ascribed to the fact that
a constant amount of the tunnel contraction was imposed in all analyses, i.e. the amount of
the imposed strains was kept constant.

The extent of the Disturbed Zone (DZ = PZ + HZ) was found to be primarily influenced by
the magnitude of Erefur , that is, it increased (or reduced) for a rise (or a decrease) in Erefur .

On the magnitude of the hoop liner forces and the pore water pressures

The influence of the effective friction angle (ϕ′) on the hoop forces in the tunnel liner (N)
and on the pore water pressures (u) acting on the periphery of the tunnel was found to be
the most prevalent. An increase in the value of ϕ′ induced smaller N , as the generated total
radial stresses (σr) acting on the liner reduced. The latter resulted from the lower radial
effective stresses (σ′r) and the reduced pore water pressures (σr = σ′r + u).

The magnitudes of u and N were found to decrease for an increase in the dilatancy angle (ψ)
of the material owing to the generation of lower negative excess pore water pressures (uexcess)
and thus, to lower compressive u. This resulted from the tendency of the material to dilate,
combined with assumption of undrained conditions (no volume change).

5-1-3 On the limitations of the research

The hypothesis of the BC being in a fully saturated state and responding fully undrained
may hold only true for the very first stage of the tunnel excavation.

Furthermore, the assumption of an isotropic initial stress field has led to a more isotropic radial
extent of the hydro-mechanical disturbance around the excavation as one would expect, given
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the K0-values ranging from 0.3 to 0.9 as being estimated at the HADES URF (e.g. Bernier
et al., 2007a).

Moreover, the assumption of plane strain conditions did not allow for an investigation of the
extent of the hydro-mechanical disturbance ahead of, and behind the tunnel face. Finally, the
hypothesis that the out of plane strains are equal to zero has caused the resulting stress paths,
and therefore the soil response, to be different than that of a more realistic, three-dimensional
analysis.

5-2 Recommendations for further research
An investigation on the effect of an anisotropic initial stress field is expected to be of import-
ance. It is likely to induce a different extent of the DZ in horizontal and vertical direction
due to the different level of deviatoric loading in the vicinities of the crown, the sidewall and
the invert of the tunnel. Furthermore, significant shear forces and bending moments might
develop in the tunnel liner as a result of these differential stresses.

In addition, an examination of the effect of cap hardening, of which the response is mainly
affected by the reference oedometer modulus (Erefoed ), may be of interest. The generated plastic
deviatoric cap strains, which are presumably added to the ones induced by shear hardening,
might lead to a larger extent of the PZ and the HZ. Moreover, the produced plastic volumetric
cap strains may influence the magnitude of the negative uexcess and thus, the magnitude of
the hoop forces in the liner.

Moreover, an examination of the long-term response of the host rock-tunnel system through
consolidation analyses is required, as the magnitude of N is expected to be different at the
completion of consolidation, than that corresponding to the short term conditions, owing to
the dissipation of uexcess.

Furthermore, a three-dimensional numerical simulation of the tunnel excavation is likely to
be of importance. In such an analysis the resulting stress paths and thus, the computed
soil response, is expected to be more realistic. Moreover, examination of the soil response
due to the advancement of the excavation front will be feasible, e.g. the convergence of
the soil ahead of the tunnel face will be numerically predicted. Also, the stress and strain
concentration effects in the vicinity of the connections of the different parts of the repository
will be examined.

An economical, technical and safety analysis for the selection of the optimal design of the
repository is of high significance. This may be achieved by investigating the effect of varying
the magnitude of the over-excavated radius, i.e. the amount of the convergence of the soil
on the required tunnel liner characteristics as well as on the extent of the hydro-mechanical
disturbance. The former mainly concerns the required thickness/stiffness and strength of the
liner, as a result of the induced internal forces. The extent of the DZ concerns the spacing
between adjacent tunnels as well as the possibility of radionuclide migration.

Finally, the safety and performance of the repository is expected to depend on other processes
aside from the hydro-mechanical disturbance, especially in terms of radionuclide migration.
An integrated approach assessing the long-term performance of the repository should consist
of thermo-hydro-chemo-bio-mechanically coupled analyses, accounting for uncertainties in
material properties and boundary conditions.

Master of Science Thesis Michail Milioritsas



116 Conclusions and recommendations

Michail Milioritsas Master of Science Thesis



Appendix A

Numerical results of the mechanical
sensitivity analysis

In this appendix the numerical results of the mechanical sensitivity analysis, performed in
the context of the numerical simulations of an undrained tunnel excavation in the Boom Clay
formation (see Chapter 4), are shown.
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Figure A-1: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the effective friction angle (ϕ′) and for zero dilatancy angle. r is the
tunnel radius.
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Figure A-2: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the effective friction angle (ϕ′) and for zero dilatancy angle. r is the tunnel
radius.
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Figure A-3: Pore water pressures, along a radial line, for different values of the effective friction
angle (ϕ′) and for zero dilatancy angle. r is the tunnel radius.
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Figure A-4: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the reference secant modulus (Eref50 ) and for dilatancy angle equal to
1◦. r is the tunnel radius.
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Figure A-5: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the reference secant modulus (Eref50 ) and for dilatancy angle equal to 1◦. r is
the tunnel radius.
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Figure A-6: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point next to the tunnel sidewall (SW), for different values of the reference secant
modulus (Eref50 ) and for dilatancy angle equal to 1◦. The dashed lines indicate the position of
each ESP (with the corresponding colour) at the completion of the calculation. r is the tunnel
radius.
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Figure A-7: Pore water pressures, along a radial line, for different values of the reference secant
modulus (Eref50 ) and for dilatancy angle equal to 1◦. r is the tunnel radius.
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Figure A-8: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the reference unloading-reloading modulus (Erefur ) and for dilatancy
angle equal to 1◦. r is the tunnel radius.
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Figure A-9: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the reference unloading-reloading modulus (Erefur ) and for dilatancy angle equal
to 1◦. r is the tunnel radius.
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Figure A-10: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point next to the tunnel sidewall (SW), for different values of the reference
unloading-reloading modulus (Erefur ) and for dilatancy angle equal to 1◦. The dashed lines indicate
the intersection of each ESP with the Mohr-Coulomb criterion. r is the tunnel radius.
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Figure A-11: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to the
tunnel sidewall (SW), for different values of the reference unloading-reloading modulus (Erefur )
and for dilatancy angle equal to 1◦. The dashed lines indicate the amount of strains at which
the stress path meets the Mohr-Coulomb criterion. r is the tunnel radius. The amount of γs at
which the material fully plastifies differs between this case and the respective case with ψ = 0◦
(Figure 4-15), as the results of the latter have been obtained for an increased accuracy of the
analysis.
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Figure A-12: Pore water pressures, along a radial line, for different values of the reference
unloading - reloading modulus (Erefur ) and for dilatancy angle equal to 1◦. r is the tunnel radius.

0 10 20 30 40 50
1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

Distance from tunnel centerline (m)

E
ffe

ct
iv

e 
st

re
ss

es
 (

kP
a)

 

 

σ’
t
, m = 0.50

σ’
t
, m = 0.70

σ’
t
, m = 0.87

σ’
r
, m = 0.50

σ’
r
, m = 0.70

σ’
r
, m = 0.87

Figure A-13: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the rate of stress dependency of stiffness (m) and for dilatancy angle
equal to 1◦. r is the tunnel radius.
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Figure A-14: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the rate of stress dependency of stiffness (m) and for dilatancy angle equal to
1◦. r is the tunnel radius.
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Figure A-15: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point next to the tunnel sidewall (SW), for different values of the rate of stress
dependency of stiffness (m) and for dilatancy angle equal to 1◦. The dashed lines indicate the
intersection of each ESP with the Mohr-Coulomb criterion. r is the tunnel radius.
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Figure A-16: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to the
tunnel sidewall (SW), for different values of the rate of stress dependency of stiffness (m) and for
dilatancy angle equal to 1◦. The dashed lines indicate the amount of strains at which the stress
path meets the Mohr-Coulomb criterion. r is the tunnel radius.

0 10 20 30 40 50
0

500

1000

1500

2000

2500

Distance from tunnel centerline (m)

P
or

e 
w

at
er

 p
re

ss
ur

es
 (

kP
a)

 

 

m = 0.87
m = 0.70
m = 0.50

Figure A-17: Pore water pressures, along a radial line, for different values of the rate of stress
dependency of stiffness (m) and for dilatancy angle equal to 1◦. r is the tunnel radius.
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Figure A-18: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the effective friction angle (ϕ′) and for dilatancy angle equal to 1◦. r
is the tunnel radius.
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Figure A-19: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the effective friction angle (ϕ′) and for dilatancy angle equal to 1◦. r is the
tunnel radius.
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Figure A-20: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point next to the tunnel sidewall (SW), for different values of the effective friction
angle (ϕ′) and for dilatancy angle equal to 1◦. The dashed lines indicate the intersection of each
ESP (with the corresponding colour) with the Mohr-Coulomb criterion. r is the tunnel radius.

0 1 2 3 4 5
0

200

400

600

800

1000

1200

1400

1600

γ
s
 (%)

q 
(k

P
a)

 

 

 φ = 8o

 φ = 13o

 φ = 18o

Figure A-21: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to
the tunnel sidewall (SW), for different values of the effective friction angle (ϕ′) and for dilatancy
angle equal to 1◦. The dashed lines indicate the amount of strains at which the stress path meets
the Mohr-Coulomb criterion. r is the tunnel radius.
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Figure A-22: Pore water pressures, along a radial line, for different values of the effective friction
angle (ϕ′) and for dilatancy angle equal to 1◦. r is the tunnel radius.
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Figure A-23: Effective radial stresses (σ′r) and effective tangential stresses (σ′t), along a radial
line, for different values of the effective cohesion (c′) and for dilatancy angle equal to 1◦. r is the
tunnel radius.
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Figure A-24: Total radial stresses (σr) and total tangential stresses (σt), along a radial line, for
different values of the effective cohesion (c′) and for dilatancy angle equal to 1◦. r is the tunnel
radius.
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Figure A-25: Effective Stress Paths (ESP), in a deviator stress (q) versus mean effective stress
(p′) plot, of a point next to the tunnel sidewall (SW), for different values of the effective cohesion
(c′) and for dilatancy angle equal to 1◦. The dashed lines indicate the intersection of each ESP
(with the corresponding colour) with the Mohr-Coulomb (MC) criterion. r is the tunnel radius.
The stress paths for c = 0.25MPa and c = 0.40MPa reach the MC criterion at the same value of
p′.
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Figure A-26: Deviator stress (q) versus deviatoric strains (γs) plot for a stress point next to the
tunnel sidewall (SW), for different values of the effective cohesion (c′) and for dilatancy angle
equal to 1◦. The dashed lines indicate the amount of strains at which the stress path meets the
Mohr-Coulomb criterion. r is the tunnel radius.
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Figure A-27: Pore water pressures, along a radial line, for different values of the effective cohesion
(c′) and for a dilatancy angle equal to 1◦. r is the tunnel radius.
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