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Abstract

The coefficient of lateral earth pressure at rest (K0) is an important parameter in any geotechnical problem
since it provides information on the initial stress state, which governs the response of the soil to the proceeding
stress changes. A proper determination of the stresses in any geotechnical problem is required to be able to
predict the soil behaviour. Any change in the conditions the soil is subject to can alter the value of K0, how
this value changes for conventional stress histories such as loading and unloading is defined well. However, the
influence of unconventional stress histories such as creep or drying/wetting cycles is not thoroughly understood.
Since every soil is subjected to natural environmental stresses, resulting in creep and unsaturated conditions,
it is interesting to look at their influences of the soil stress state expressed by K0.

The goal of this work is to determine if it is possible to better understand what is happening to K0 during
creep and under unsaturated conditions and if the prediction of K0 can be improved by accounting for these
phenomena, with the focus being on clays. Literature showed that for saturated samples, the value of K0

increases with time during creep. For unsaturated conditions it was found that K0 decreases with an increase
of suction.

In order to see if it is possible to improve the prediction of K0, a model needed to be constructed. The starting
point of this model was a saturated, elastoplastic model based on the SANICLAY model. The first step in
extending this model was to include viscosity which was done by adopting Perzyna’s overstress approach. The
model was validated to experimental data on OostVaardersPlassen (OVP) clay obtained from literature and
the validation showed that the model was satisfactory in predicting the soil behaviour.
Accounting for unsaturated conditions was done by adopting the average soil skeleton approach. Implementation
was initially done in the original elastoplastic model. Again, the model was validated to experimental data
obtained from the literature, this time unsaturated loading/unloading tests on London clay (LC) were used.
The results showed that the model prediction was accurate up to suctions up to 600 kPa.
The final step in the model development was to include both Perzyna’s and the average soil skeleton stress
approach in the basic model giving an unsaturated elasto viscoplastic model version. Unsaturated creep tests
on London clay were used to validate the model but the results showed that an uncoupled stress-suction
approach gave inaccurate predictions. The viscous nucleus in Perzyna’s approach was changed to become
suction dependent and the results showed that the experimental data could be reproduced reasonably well.

The unsaturated elasto viscoplastic model was then used to analyse K0 during the unsaturated creep tests.
The results showed that the model predicted a decrease in K0 with time for low loads and high suctions. For
higher loads and low to moderate suctions, the model predicted an initial increase followed by a decrease. For
all cases it was found that the value of K0 decreased with suction.
The role of anisotropy on the model prediction was analysed by predicting the change in K0 using an isotropic
version of the model. This version also predicted a decrease at low loads and high suctions but an initial
increase was no longer predicted to decrease. The decrease of K0 with suction was still observed.
No experimental data was available to confirm either of the findings, comparing the results with the literature
study showed that the decrease of K0 with suction was previously observed. The decrease with time on the
other hand was not found in previous work. However, the creep tests in previous works were performed on
saturated samples and in general for a shorter time period which could show different results.

It is concluded that by accounting for creep and unsaturated conditions, the qualitative prediction of the soil
behaviour can be improved. By accounting for coupled behaviour through an unsaturated viscous nucleus,
the currently available unsaturated and time dependent experimental deformation data can be simulated
accurately. The prediction of the change in stress state, due to these natural phenomena, is likely to be
improved as well since the outcome of the model matches findings from the literature. However, due to the
lack of experimental unsaturated time dependent data stating the change in K0, no conclusions can be drawn
on the importance of anisotropy and the quantitative model performance. What this work does offer is a good
modelling tool to support future experiments or investigations into unsaturated creep behaviour.

Keywords: Coefficient of lateral earth pressure, Creep, Unsaturated Conditions, SANICLAY, Perzyna’s
approach, Average soil skeleton stress approach.
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β Rotation of yield surface
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res Residual

s Suction
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1 INTRODUCTION

1 Introduction

Knowledge of the stress state of a soil is essential at the start of any geotechnical project. How this stress
state changes under applied loading conditions during the project is defined well. However, any soil has
been, and will be, subjected to environmental influences such as creep and drying/wetting cycles. In order to
properly analyse the soil stress state and its corresponding behaviour, these environmental influences need to
be considered. An overview of the processes is schematically shown below.

Figure 1: Schematic overview of the processes taking place. Settlement graph retrieved from GeotechniCAL
(1996).

Time dependent behaviour of soils has been an important topic in research. Any soil exhibits not only
immediate settlement under loading but also continues to deform for a long time, which is called creep. Creep
is defined as the deformation under constant effective stress (Le et al., 2012). Several case studies show the
importance of the prediction of the creep behaviour of a soil.
In Australia, a large part a bypass of the Pacific Highway had to be constructed on soft soil (Ballina clay).
In order to determine the long term behaviour of this soil, trial embankments were constructed which were
monitored for 3 years showing large secondary compression (Huang et al., 2006). As can be seen below, 100
days after start of the measurements, the settlement was approximately 20 mm. The measurements over a
duration of 3 years show that the settlement increases to nearly 300mm over the duration with numerical
predictions indicating that the settlement could increase to more than 400mm as time goes on.

Figure 2: Ground surface settlement over time (Huang et al., 2006).
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1 INTRODUCTION

Another relevant project is the Chengde Airport in China which had to be constructed in a mountainous
area. To do this, an embankment had to be constructed made of soft soil. The secondary settlement of this
embankment could pose serious problems to the strict safety requirements for the airport. It was therefore of
high importance to get a good prediction of the secondary settlement in an early phase of the design process
(Yao et al., 2018).

The influence of drying on soils is often ignored in practice because there is a lot of uncertainty on the duration
of the dry conditions and their effects are believed to quickly disappear upon wetting. However, the majority
of natural soils used in engineering practice does experience unsaturated conditions during its required life
span (Ellithy & Stark, 2020). Zhang et al. (2010) performed field studies in which slopes were analysed under
artificial rainfall. Thousands of these slopes can be found and the conclusion of the field study was that due
to drying and wetting cycles, cracks occured increasing the permeability and upon wetting a loss of suction
was observed leading to a decrease in shear strength. The slopes failed consequently causing damage to
infrastructure. Yang et al. (2019) numerically analysed one of these slopes using finite element analyses. They
were able to predict the loss of suction due to continued wetting accurately. Using the determined hydraulic
response, the Factor of Safety of the slope was determined accordingly. The results show that as the time
increases (and the soil gets wetter) the Factor of Safety reduces. The highest decrease that was found was
with a factor 5 indicating the importance of accounting for the hydraulic condition of a soil.

Figure 3: Factor of Safety over time with wetting (Yang et al., 2019).
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1 INTRODUCTION 1.1 Problem statement

1.1 Problem statement

The case studies above highlight the importance of accounting for environmental influences on the soil
behaviour. In order to assess this behaviour, the stress state of the soil needs to be known. The vertical stress
can easily be determined but the horizontal stress needs to be known as well. To determine the horizontal
stress, the coefficient of lateral earth pressure (K0) is used which is defined as the ratio between the horizontal
and vertical effective stress.

K0 =
σ′h
σ′v

(1)

The importance of a proper K0 determination is highlighted by Golpasand et al. (2018). They performed a
numerical analysis of ground settlement around a tunnel construction and part of their research was to show
the influence of K0 on the settlement behaviour. Their results showed that not only the amount of settlement
(figure 4) differed highly with K0 but also the direction of the pressures acting on the tunnel changed with
K0.

Figure 4: Ground settlement around tunnel with varying K0 (Golpasand et al., 2018).

The problem being faced is that it is unclear yet how the environmental influences described earlier affect the
value of K0. The influence of both creep and drying/wetting on the soil behaviour has been highlighted by
case studies and the importance of a proper K0 determination is shown above. This makes it worthwhile to
perform an analysis on the influence of creep and drying/wetting on K0.
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1 INTRODUCTION 1.2 Objective

1.2 Objective

There are two main goals in this work. The first one is to get a better understanding of the processes going
on in the soil during creep and drying/wetting as well as their influence on the soil stress state, expressed by
K0. The second goal is to use this understanding to improve the modelling of these natural phenomena. The
focus of this goal will be on soft soils because of their relevant creep behaviour as shown above. With this
goal in mind, the following research question is formulated.

’Can the prediction of K0 be improved for unconventional stress histories including creep and drying/wetting
cycles?’

In order to help answer this research question, the following subquestions are used. The answers of the
subquestions together will define the answer to the research question stated above.

1. Is there an agreement in literature on the influence of creep and drying/wetting on the soil stress state
and is there solid physical reasoning behind this?

2. How can the influences be validated?

3. What is the influence of drying/wetting on the creep behaviour of a soil?

Literature shows that soft soils exhibit anisotropic behaviour under loading and unloading conditions (Lo &
Morin, 1972; Romero & Jommi, 2008; Yin & Karstunen, 2011). Because of this, it is interesting what the
effect of anisotropy is on the initial stress state. Therefore, a fourth subquestion is formulated.

4. What is the influence of anisotropy on the initial stress state?

1.3 Approach

In order to answer the main research question, the subquestions need to be answered for which the following
approaches will be used.

1. Is there an agreement in literature on the influence of creep and drying/wetting on the
soil stress state and is there solid physical reasoning behind this?
To see if there is an agreement, works from different researches will be analysed. The focus will be on
proof for physical causes behind the different phenomena, experimental evidence on the influence of the
phenomena on K0 and different modelling approaches to capture these influences.

2. How can the influences be validated?
A model will be constructed which accounts for both the influence of creep as well as drying/wetting.
Initially, two model versions will be developed, one accounting for creep and one for unsaturated
conditions. The output of these model versions will be compared to experimental data from the literature
to see if the influences of the respective phenomena are captured accurately.

3. What is the influence of drying/wetting on the creep behaviour of a soil?
The coupled behaviour of the two phenomena needs to be analysed. To do this, a model version is
constructed that accounts both for creep and unsaturated conditions. This newly developed model
needs to be tested to unsaturated, time dependent experimental data which has to be obtained from
literature. Upon completion of the analysis, model adaptations might be required if the results show the
need to. If this is indeed required, additional literature needs to be analysed to see if previous researchers
have dealt with this problem before. If this is not the case, the potential model adaptation needs to be
defined. Of course, the newest version of the model would need to be tested again to the experimental
data to validated the coupled effect.

4. What is the influence of anisotropy on the initial stress state?
Upon validation of the final model version, anisotropy will be turned off in the model. Redoing the same
tests will isolate the effect the anisotropy had since potential differences in model output will be solely
due to the effect of anisotropy. Comparing the model predictions with and without anisotropy will yield
the answer to this research question.
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1 INTRODUCTION 1.4 Reading guide

1.4 Reading guide

Chapter 2 contains the literature study which is performed to gain insight in the problem and collect information
on how the mentioned approaches can be executed properly. The adopted methodology is explained in chapter
3 including the model version serving as a starting point of the work. The implementation of the influence
of creep is presented in chapter 4 after which the unsaturated conditions are included in chapter 5. Chapter
6 will contain the results obtained to help answer the main research question. These results are discussed in
chapter 7 after which the conclusions and recommendations are given in chapter 8.

Figure 5: Reading guide thesis.

The answer to the first research question is found in the literature study. The second subquestion is answered
in chapter 4 and the the first half of chapter 5. Subquestion 3 is answered in the second half of chapter 5 after
which the final subquestion is answered in chapter 6. The answer to the main research question is given in
the conclusions in chapter 7.
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2 LITERATURE STUDY

2 Literature Study

The literature study consists of three main parts. First, the well known relationships for K0 for normally- and
overconsolidated soils will be elaborated.
The second part focuses on creep. This part starts off by looking at the physical causes behind this phenomenon.
After this, experimental data on the change of K0 during creep is discussed. The part ends with an elaboration
of Perzyna’s overstress approach which is the modelling approach that will be used to account for creep.
The final part of the literature study goes in depth on the influence of unsaturated conditions. Different
stress approaches to account for this influence are discussed first after which the suction stress principle is
discussed to show the interactions going on in the soil under unsaturated conditions. Then, experimental data
is discussed, this time focussing on the change of K0 under unsaturated conditions. The chapter ends with
an explanation of the average soil skeleton approach which is, similar to Perzyna’s approach, the modelling
approach which will be used.

2.1 Loading

In this section, the well known equations for K0 for normally consolidated and overconsolidated soils are
presented.

2.1.1 Normally consolidated soils

The first definition of the coefficient of lateral earth pressure was given by Donath (1891) who defined it as the
ratio between total horizontal and vertical stress. The improvement of the definition using effective stresses
was given by Bishop (1958) (Wijeyesekera & Mohamed, 2000).

The most important work on finding an expression to determine K0 was done by Jaky (1944) and Jaky (1948).
Analysing a slope of freestanding granular soil and determining sliding planes led to the following equation
for K0.

K0 = (1− sinφ′)
1 + 2

3 sinφ′

1 + sinφ′
(2)

Without further explanation this has been simplified into the well known equation for K0 of normally
consolidated soils.

K0 = (1− sinφ′) (3)

For a more precise derivation refer to Mesri and Hayat (1993). It should be noted that in the equations
above φ′ is the constant volume friction angle φ′cv which can be determined by a triaxial or direct shear
test. Equation (3) has been widely accepted as a good first prediction of K0 for normally consolidated soils.
Validation of equation (3) is shown below.

Figure 6: Validation of Jaky’s equation (Mesri & Hayat, 1993).
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2 LITERATURE STUDY 2.1 Loading

2.1.2 Overconsolidated soils

Hendron (1963) found, based on experimental data, that in general during unloading the decrease of vertical
stress is higher than the decrease of horizontal stress. By definition, this leads to an increase in K0 following
equation (1). An example of this behaviour is shown below from a test done by Brooker and Ireland (1965) on
a cohesive soil (London clay). A test was performed where the soil sample was loaded axially with no radial
deformation allowed. The radial stress required to maintain no radial deformation was registered and shown
in the figure below. The lower line is the stress path during loading and the upper one during unloading. It
can clearly be seen that under unloading of the sample, the vertical stress decreases more than the horizontal
stress.

Figure 7: Stress path under loading and unloading for London clay (Brooker & Ireland, 1965).

Another consequence of unloading is an increase in the OverConsolidation Ratio (OCR) which is defined as
follows:

OCR =
σ′v,max
σ′v

(4)

where σ′v,max is the maximum vertical effective stress the soil has experienced in the past. Since during
unloading σ′v,max remains constant and σ′v decreases, the OCR increases. Above it was determined that K0

increases as well during unloading which leads to the possibility of defining a relationship between the two.
This has been experimentally confirmed by Brooker and Ireland (1965). The test results as in figure 7 is
plotted but now with the OCR on the horizontal axis and K0 on the vertical one. Only the solid line marked
K0 is of relevance in the figure below. The dashed lines indicate an asymptote of Kp (coefficient of passive
earth pressure) which is not relevant in this work.

Figure 8: Relationship between K0 and OCR for London clay (Brooker & Ireland, 1965).
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Besides the tests by Brooker and Ireland (1965) on cohesive soils, Hendron (1963) performed tests on sands
and found a similar relation as was found for clay. His results are shown below.

Figure 9: Relationship between K0 and OCR for Pennsylvania sand (Hendron, 1963).

Following this, Schmidt (1966) analysed the data from Brooker and Ireland (1965) and a year later Schmidt
(1967) looked at the data from Hendron (1963) after which he came up with a semi empirical relation between
K0 and OCR.

K0 = b ∗OCRa (5)

Where a is the slope of the log K0 vs log OCR curve and b is the intercept of this curve at OCR = 1. If
the OCR is equal to one the soil is normally consolidated meaning equation (3) needs to be recovered leading
to b = 1 − sinφ′. Following an extensive analysis of data on both clays and sands, Mayne and Kulhawy
(1982) found that taking a = sinφ′ gave accurate results. Mesri and Hayat (1993) confirmed this finding by
summarising available data of which the results are shown in figure 10.

Figure 10: Data showing the fit of a = sinφ′ (Mesri & Hayat, 1993).

Concluding, the change in K0 during unloading and reloading can be defined with a relationship between K0

and OCR as follows.

K0 = (1− sinφ′) ∗OCRsinφ′
(6)

Mayne and Kulhawy (1982) describe other approaches to modelling the K0-OCR relationship. Empirical
approaches are mentioned as well as approaches using determination of swelling indices and a critical-state
model. In general though, equation (6) is widely accepted and therefore no other approaches will be discussed
here.
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2.2 Creep

In this chapter the phenomenon of creep is analysed. To start off, causes of creep are explained. Then,
experimental data is presented regarding the change in K0 under creep. After that, Perzyna’s overstress
approach is elaborated on which is the approach used to model creep behaviour.

2.2.1 Causes

The term creep describes the deformation of a soil under constant effective stress. This deformation is most
notably present in soft soils such as clays and peats. Le et al. (2012) have listed 5 possible causes of creep.

• Creep due to the Breakdown of Interparticle Bonds

• Creep due to Jumping of Molecule Bonds

• Creep due to Sliding Among Particles

• Creep due to Water Flows in a Double Pore System

• Creep due to the Structural Viscosity

The first three causes listed above focus on the interactions between the grains whereas the final two focus on
the influence of the pore fluid. In the following, the causes will be explained briefly.

Different kinds of bonds form at the contacts between (clay) particles. Examples of these bonds are primary
valence bonds or van der Waals forces. These bonds can be broken causing rearrangement of soil particles
leading to further deformation (Le et al., 2012).
Reasons for the breakdown of these bonds are mentioned by Mesri (1973). He states that an increase in
interparticle forces can cause shear strains or a change in particle spacing which make the particles move
relative to each other. This relative movement can lead to the particle bonds to break. For this theory to
hold, proof is needed that there is indeed a change in interparticle forces during secondary compression. To
the best of the author’s knowledge, no such experimental proof is available on clays.
For sands however, this proof can be found in the work of Wang and Gao (2013). They performed oedometer
tests using a tactile pressure sensor inside the specimen to measure interparticle forces. The results showed
that during secondary compression there is a redistribution of interparticle forces. The net effect is an increase
in mean interparticle force as can be seen in figure 11 (Wang & Gao, 2013).

Figure 11: Distribution of interparticle forces. a) before secondary compression, b) after secondary
compression, c) difference (Wang & Gao, 2013).

This experimental finding can support the theory by Mesri (1973) that breakdown of interparticle bonds can
be due to a change in net interparticle force resulting in a change in interparticle spacing (Le et al., 2012). It
needs to be stated though that no evidence for this theory is available for clays.

9
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Jumping of bonds is defined as the movement of a particle from one position to another. The particles inside
a soil are all in a certain position and under application of a force, such as a shear stress, the equilibrium
position of the particle can change (Andersland & Douglas, 1970). In order to move to the new equilibrium
position a certain amount of energy is needed to a) break the bonds the molecule has in its current position
and b) push the particles on the path to the new position away. This required amount of energy is called the
activation energy (Low, 1962). Kuhn and Mitchell (1993) suggested that the particles which are moving in
the soil are oxygen atoms and that creep is partially caused by the displacement of these oxygen atoms within
the contact surfaces of the clay grains. A schematic overview of the principle behind the activation energy is
given in figure 12, it shows the energy needed for a molecule to move from position a to b.

Figure 12: Schematic overview of the principle of activation energy (Low, 1962).

Gupta (1964) described retarded or viscous deformation as the change of soil orientation from a less to a more
dispersed structure with the particles more parallel to each other. To realise this, particles have to move with
respect to each other called sliding. If water is present in the soil it offers a bonding effect against sliding
making the sliding process slower than it would be in a completely dry soil. The reorientation of particles is
schematically shown in figure 13.

Figure 13: Movement of particles relative to each other (Gupta, 1964).

Kuhn and Mitchell (1993) developed a framework to describe the sliding among particles. The sliding of
particles is caused by a shear force tangential to the particles. Since this sliding is viscous due to the presence
of water as described above. This sliding is modelled as a dashpot in figure 14b.
At the contact surface between particles it is known that bonds form which result in a resistance against
deformation. This resistance is present in both the normal and tangential direction and is therefore modelled
as a spring in figure 14. This framework gives a visual representation of the processes playing a role within
the sliding among particles in a soil during secondary compression.

Figure 14: Framework of sliding among particles (Kuhn & Mitchell, 1993).
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The last two causes focus on the influence of the pore fluid. The main consideration is to divide the soil in a
macro- and microstructure. The macrostructure consists of larger grains and pores whereas the microstructure
is formed by clay clusters between the larger grains. The pores inside these clay clusters are smaller than the
large pores in the macrostructure. This consideration was first introduced on peats (Adams, 1963; de Jong,
1966, 1968) after which Zeevaert (1986) applied it to describe clay. Two types of pores (Macro and Micro) are
included in this system and therefore it is referred to as double porosity. An overview is shown in figure 15
(Le et al., 2012).

Figure 15: Macro- and microstructure in clay (Le et al., 2012).

Under pressure, water from the micropores is expelled into the macropores. This causes deformation in the
micropores leading to creep compression (Le et al., 2012). Zeevaert (1986) stated that since the microstructure
consists mainly of clay mineral grains, the water in these micropores is adsorbed forming a water film around
the grains. Because of this, the draining of micropores has a highly viscous character and the process is slow.
Akagi (1994) performed experiments to test this micropore theory. He prepared samples in such a way that
Ca2+ ions would be present in the pore fluid in the micropores and Na+ ions in the macropores. The pore
fluid drained from the sample during primary- and secondary compression was quantitatively tested for the
concentration in cations. The findings showed that during secondary compression the concentration Ca2+

in the drained fluid was a lot higher indicating that during secondary compression water drains from the
micropores. This increase in Ca2+ concentration lead to the conclusion that during secondary compression
deformation of micropores is taking place. The results of one of the experiments is shown below in figure 16
where tE indicates the time at the end of primary consolidation.

Figure 16: Compression and cation concentration over time (relevant part of figure taken from Akagi (1994)).
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The final cause for creep described by Le et al. (2012) is called structural viscosity. What is meant by this
is that there is plastic structural resistance against compression within the clay since the water is adsorbed
to the clay grains. Creep compression is then defined as the deformation of clay clusters due to the viscous
flow of water. Work is also mentioned from researchers who concluded that the viscosity of the water has an
insignificant influence on secondary compression. They stated that the electrical loading of water molecules
has an impact on the attractive and repulsive forces. Which of these two theories is preferred is not discussed
but it can be concluded that the flow of water from micropores is delayed because of forces between the water
and clay grains causing a delay in compression which results in creep (Le et al., 2012).
Akagi (1994) mentioned that secondary compression is due to the flow of water from micropores which can be
described as viscous since the pore fluid is closely adsorbed to the surfaces of the clay particles.
A case can be made saying that structural viscosity is not a standalone cause of creep but is an addition to the
double pore system. As described earlier, creep can be explained by drainage from micropores, this drainage
is delayed because of the viscous character of this pore fluid due to interactions between the water and the
clay particles.

2.2.2 Experimental data on K0 development during creep

The first literature reference on the behaviour of K0 under creep is found in Schmertmann (1983). He asked
a simple question about creep, namely: ’Will K0 = σ′h/σ′v of a normally consolidated cohesive soil increase or
decrease during secondary aging in 1-D compression?’ (Schmertmann, 1983). This question was asked to 40
geotechnical engineers of which half said K0 would increase, 25% said K0 would stay the same, 12.5% said K0

would decrease and the rest did not know. No experimental evidence was given but this is the first indication
of what happens to K0 during secondary compression (Schmertmann, 1983).

Kavazanjian and Mitchell (1984) were the first researches to perform lab tests following the publication of
Schmertmann. Their reasoning was that any soil would reach a value of K0 = 1 given enough time because
this would represent a minimal energy state. Under the presence of a deviatoric stress, soil bonds would
continue to break causing deformation of the sample in the direction of the deviatoric stress to undo the
imbalance of energy.
They ran triaxial cells tests on specimens of undisturbed mud to test their theory. It was found that K0

increased from 0.53 to 0.58 over a time span of 10000 min (∼7 days) after EOP (End Of Primary) consolidation
(figure 17) (Kavazanjian & Mitchell, 1984).

Figure 17: K0 as a function of time (Kavazanjian & Mitchell, 1984).

There is no general acceptance for the theory that K0 has to approach unity but even if there was, it has
been shown that the time for this state to be reached would be so long that K0 approaching unity is of little
practical importance (Mesri & Castro, 1987). What Kavazanjian and Mitchell (1984) did show was an increase
in K0 with time.
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The next research regarding K0 under creep was performed by Mesri and Castro (1987). Four clays were tested
in a special triaxial cell with a bellophram bushing assembly. A load cell inside the triaxial cell guaranteed
constant axial loads over long periods of time. The temperature was kept constant and the cell pressure was
adapted to make sure a 1D compression condition was present at all times. The results are shown below in
figure 18.

Figure 18: K0 as a function of time for the four different clays (Mesri & Castro, 1987).

The measurements are denoted by the dots and it can clearly be seen that for all specimens the value of K0

increases with time. The experimental data is not following a very clear path for all specimens and the authors
stated that this was due to possible problems with the measurements. Problems are the deviations from the
1D compression condition denoted by εv−ε1 nonequal zero and the accuracy of the measured volume changes
which was influenced by leakage in and out of the sample.

In 1993, Mesri and Hayat (1993) performed tests on 11 soft clays using triaxial cells and special oedometers
allowing for the measurement of horizontal stress. All specimens were loaded beyond their preconsolidation
pressure and after this left subjective to creep for a large time range (t/tp = 6 to 4856, where tp is the time
required to complete primary consolidation). Their results show a significant scatter (due to experimental
problems) in the amount of change of K0 with time but in all cases a positive change was found thus showing
that K0 increases with time. The results are not presented in a clear way and thus not included in this thesis
but can be found in Mesri and Hayat (1993).
A finding of the authors which was presented in a clear way is that when the vertical effective stress was kept
constant, the horizontal effective stress increased over time. An example of this is presented in the figure
below.

Figure 19: σ′h vs σ′v for the St. Alban clay (Mesri & Hayat, 1993).
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This increase with time was not observed for all 11 samples. What was observed for all samples is that, no
matter if σ′h increased or not, the slope of the stress path upon reloading is a lot smaller than the slope during
consolidation. The slope of the stress path during consolidation is indicated by K0p (the coefficient of lateral
earth pressure at rest for normally consolidated young soils). Figure 19 shows that after reloading, the slope of
the stress path initially is almost flat after which it goes back to the same slope observed during consolidation.
Therefore, the soil moves towards a K0p stress state upon continued loading. In order to reach this K0p stress
state, the vertical stress has to increase more than the horizontal stress as is observed by the near flat line
after secondary compression. The corollary of this is that K0 decreases which means that to reach K0p, the
value of K0 has to decrease and therefore K0 must have increased during secondary compression.
The argumentation above shows a second proof of an increase in K0 which can still be observed even if no
increase of σ′h is observed.

More recent experiments are included in the work performed by Grimstad et al. (2021). In their paper the
results from two Norwegian master theses are analysed namely the ones from Sletten (2015) and Gjengstø
(2016). Both performed split-ring oedometer tests on Tiller clay of which the results are shown below
(figure 20).

Figure 20: K0 evolution over time (Grimstad et al., 2021).

The time scale in figure 20 is roughly 2 weeks and no clear trend can be seen. The large variations in the
measurements is assigned to variations in temperature to which the sensors in the oedometer are very sensitive
(Gjengstø, 2016). Grimstad et al. (2021) argued that next to this problem there is an overarching problem with
the measurements being that the timescale in the lab is a few weeks whereas the timescale in situ is thousands
of years. However, Lindg̊ard and Ofstad (2017) performed in situ tests on the same clay using earth pressure
cells. Several problems were encountered during testing of which the most important ones are breaking of the
cells and disturbance of the soil due to cell installation. This caused results with a huge amount of scatter.
At the same depth of 5m, values for K0 were reported in the range of 0.61-1.0. The conclusion which can be
made though is that for all tests an in situ value of K0 was higher than the values found in the lab (around
0.5) suggesting an increase of K0 when the soil is left alone for an extended period of time.

All of the tests above have been performed on clays. However, data on other soils is available as well.
Krieg and Goldscheider (1993) performed oedometer tests on peat specimens. Their findings showed that on
the short term the development of K0 differed between specimens which was most likely caused by the stress
history of each sample. The long term behaviour showed that for all samples there was a linear increase of K0

with time during the measurement period.
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Figure 21: K0 evolution over time, low stress level (left), high stress levels (middle), overconsolidated sample
(right) (Krieg & Goldscheider, 1993).

The final research worth elaborating is the one performed by Wijeyesekera and Mohamed (2000). They tested
kaolonites with different bentonite contents in a multi-purpose consolidometer which was able to measure
horizontal and vertical total stresses as well as the pore water pressure. The results from their tests are shown
in figure 22. The number after KB indicates the mass percentage of bentonite in the sample.

Figure 22: K0 evolution over time (Wijeyesekera & Mohamed, 2000).

As can be seen the value of K0 decreases for all samples. The reason for this was the reorientation of clay
packets as a result of remaining excess pore water pressure. The authors claimed that after this decrease
the value of K0 would remain constant. Grimstad et al. (2021) argued however that these tests to not give
conclusive results. The duration of the test is too short (1 to 2 days) and when looking at a test performed by
Wijeyesekera and Mohamed (2000) for a longer period of time an increase in K0 can be seen after the initial
decrease (figure 23).
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Figure 23: K0 evolution over time (Wijeyesekera & Mohamed, 2000).

Grimstad et al. (2021) interpreted these results by saying an initial decrease does not rule out a long term
increase. Cementation (thixotropy) effects could explain the initial decrease, an argument in favour of this
is that ’the higher the bentonite content the greater the decrease in K0 observed during this first period.’
(Grimstad et al., 2021). This finding cannot be directly derived from figure 22 but if the data were to be
extrapolated this could very well be true.
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2.2.3 Perzyna’s approach

As has been stated before, creep behaviour of a soil is retarded or viscous. In other words, the behaviour of a
soil is dependent on time. In order to model this behaviour, viscosity needs to be implemented in the model.
This is done using Perzyna’s approach which is explained here.

It is widely accepted that total strains can be split into an elastic, reversible part and a plastic, irreversible
part. The long term, viscous strains mentioned above are irreversible and therefore should be included in the
plastic strain component. One of the most popular approaches to model the plastic strain rate is developed
by Peryzna (1963).

In this approach the plastic strain rate is determined as follows (Lazari et al., 2019).

ε̇vp = µΦ(f)
∂g

∂σ′
(7)

where: µ Fluidity parameter (= 1/viscosity)
Φ Viscous nucleus (Lazari et al., 2019) or overstress function (Heeres et al., 2002)
f, g Yield function and plastic potential

The idea behind this approach is that it is possible for the rate-independent yield function (f) to become larger
than 0, so-called overstress. If this is the case, a stress point is outside of the yield function and plastic, viscous
strains occur (Heeres et al., 2002). The amount of plastic strains (or the magnitude of the plastic strain rate)
is defined by the distance of this point to the yield surface. The direction of plastic strain is governed by the
stress derivative of the plastic potential. The parameter µ controls the rate of plastic strain and is simply a
scalar (Lazari et al., 2019). A visual interpretation of this approach is given below (Liingaard et al., 2004).

Figure 24: Visualisation of overstress principle (Liingaard et al., 2004).

Lazari et al. (2019) give two definitions for the viscous nucleus function, the first one being the most common
and the second one being useful for loose sands specifically.

Φ(f) = 〈( f
|p′|

)α〉 = 〈fα〉 (8a)

Φ(f) = expαf (8b)

where 〈〉 are the Macauley brackets meaning that if the value between these brackets is smaller than 0, the
value of the expression is set to 0. This is required to make sure that viscoplastic strains only occur if the
value of the yield function is larger than zero. α is a viscous parameter defining the shape of Φ(f) (Lazari
et al., 2019). Note that in equation (8) the yield function is made dimensionless by dividing the yield function
by the absolute value of the mean effective stress (p’).
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2.3 Unsaturated conditions

In this section, the influence of unsaturated conditions on the soil stress state is elaborated upon. First,
two simple stress approaches are mentioned to introduce the principle. Then, the suction stress approach is
explained to discuss the interactions taking place in the soil. After that, experimental data from the literature
on the K0 value is discussed using the explained approaches. The chapter ends with an explanation of the
average soil skeleton stress principle which is the approach that will be included to model the influence of
unsaturated conditions.

2.3.1 Simple stress approaches

Lu and Likos (2006) mention four approaches to describe the effect of unsaturated conditions on the stress
state.

1. Bishop’s effective stress approach attributed to Bishop (1959).

2. Independent stress state variable approached credited to Fredlund and Morgenstern (1977).

3. Modified stress variable approaches developed by various researchers

4. The suction stress approach found in for example Lu and Likos (2006)

The first two will be touched upon in this subchapter, the suction stress approach will be explained in the
next one. The modified stress variable approaches are not treated here because of their different conceptual
levels.

Bishop’s effective stress approach uses a modified form of the classical Terzaghi effective stress formulation to
include the effect of unsaturated conditions. The formulation is given below.

σ′ = σ − ua + χ(ua − uw) (9)

where: σ′ Effective stress
σ Total stress
ua Air pressure
uw Pore water pressure
χ Effective stress parameter

The effective stress parameter χ is a function of saturation. It varies between 0 and 1 and accounts for the
influence of matric suction (ua − uw) on the effective stress (Lu & Likos, 2006).
Abrantes and de Campos (2019) stated that the effective stress parameter can be calculated as follows.{

χ = 1 for s < se

χ = ( sse )r for s ≥ se
(10)

where: s Matric suction (ua − uw)
se Suction at the air entry point
r Material parameter

The Bishop’s effective stress approach is well known in the literature and used often. Lu and Likos (2006)
mention however that both theoretical and experimental problems with a proper determination of χ limit the
applicability of the method.

The independent stress state variable approach credited to Fredlund and Morgenstern (1977) is explained in
Fredlund and Rahardjo (1993). They looked at the equilibrium conditions for an unsaturated soil containing
the forces for the air phase, the water phase and contractile skin combined with the total equilibrium equation
for a soil element. Using this equilibrium, three independent sets of normal stresses could be extracted being
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(σ − ua), (ua − uw) and ua. (σ − ua) is called the net stress, (ua − uw) the matric suction and ua is the air
pressure which is used as a reference pressure in this case. Assuming the pore water and the soil particles are
incompressible ua can be eliminated leaving (σ− ua) and (ua − uw) as the stress variables for an unsaturated
soil (Fredlund & Rahardjo, 1993). The stress variables are shown below (figure 25).

Figure 25: The stress variables for an unsaturated soil element. Redrawn from Fredlund and Rahardjo (1993).

As stated above, the equilibrium equation formed by Fredlund and Rahardjo (1993) uses the air pressure
as a reference pressure. The equilibrium equation can also be formed by using either the σ or uw as a
reference pressure resulting in different stress state variables. However, using the air pressure is best option
for engineering practice since it separates the effects of a change in normal stress and pore water pressure.
Also, for most engineering problems the air pressure is atmospheric meaning it can be set to zero (Fredlund
& Rahardjo, 1993).
Lu and Likos (2006) explained that usage of the independent stress approach requires extra variables when
for example calculating failure criteria. Experimental difficulties occur in determining these parameters and
it is also not certain how valid these parameters are at different saturation levels. An example of such a
material parameter is the additional friction angle φb included in the Mohr-Coulomb failure criterion when
using independent stress variables shown below. These problems have limited the applicability of the method.

τf = c′ + (σ − ua)tanφ′ + (ua − uw)tanφb (11)

2.3.2 Suction stress approach

The final concept which will be explained uses a variable called the suction stress. The idea behind the concept
is that the effect of desaturation on a soil element needs to be explicitly defined. The reason why this approach
is explicitly mentioned is not because it will be used in this project but because it gives a clear insight of what
is happening in a soil element when the element is unsaturated.
In a soil element, three types of forces can be distinguished. The first type are active ’skeletal’ forces
propagating through the soil grains, the second type are active local forces at the interparticle contacts and
the final type is the passive interparticle contact force counterbalancing the first two types.
In saturated soils it is sufficient to model only type 1 and 3 forces since the system can be seen as an
equivalent continuum medium. Because of this all forces travel through the system and therefore the system
can be described using macroscopic stresses defined at the boundaries. This is done for example in Terzaghi’s
effective stress principle. Under unsaturated conditions, however, the soil-water system can no longer be seen
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as a continuum and the effect of the pore pressure can no longer be modelled as a macroscopic stress. Instead,
the pore pressure disintegrates into several microscopic forces acting at the grain level (Lu & Likos, 2006).
The researchers proposed that it would be possible to gather the second type of force under a new macroscopic
stress variable called the suction stress. This suction stress accounts for van der Waals forces, cementation
forces and capillary forces, among others.
Physically, the forces included in the concept of suction stress depend on the physical and chemical properties
of the soil-water system and are therefore referred to as physicochemical forces (Fpc). These forces are not
propagating through the soil skeleton and are therefore not included in a macroscopic stress approach like
Terzaghi’s effective stress principle. Methods used in practice do attempt to capture the effect of these forces.
An example of this is the effective cohesion in the Mohr-Coulomb failure criterion (equation (11)) (Lu & Likos,
2006).

The basis for the derivation of the suction stress is shown in figure 26 which shows a Representative Elementary
Volume (REV) with all contributing forces.

Figure 26: REV with contributing forces, saturated above and unsaturated below (Lu & Likos, 2006).
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Using the REV for unsaturated soils (figure 26d) and dividing all forces by their respective areas the following
equation can be determined.

σ′ = σt − ua + σpc + σcap + χ(ua − uw) (12)

Note that σt represents an external force and the subscript t does not indicate tensile. This equation can be
rewritten to include suction stress.

σ′ = σt − ua + σ′s + σc0 (13)

In the equation above σ′s is the suction stress and σc0 is the physicochemical stress at saturated state used as
a reference. With this, the suction stress becomes.

σ′s = σpc + σcap + χ(ua − uw)− σc0 (14)

All terms in the equation above depend on the saturation level of the soil so therefore the suction stress can be
expressed as a function of saturation. Defining this relationship results in a curve which is called the Suction
Stress Characteristic Curve (SSCC). An example of an SSCC is given below (Lu & Likos, 2006).

Figure 27: Example of an SSCC for clay and sand (Lu & Likos, 2006).

Using the suction stress principle, Lu et al. (2010) defined the effective stress as follows.

σ′ = (σ − ua)− σs, with σs = −(ua − uw)Se (15)

Where Se is the effective saturation defined as

Se =
Sr − Sr,res
1− Sr,res

(16)

with Sr the regular saturation and Sr,res the residual saturation.

Se can also be calculated as a function of matric suction using for example Van Genuchten’s Soil Water
Retention Curve (SWRC) model shown below.

Se = { 1

1 + [α(ua − uw)]n
}1−1/n (17)

In the equation above, n and α are empirical fitting parameters. α is the inverse of the air entry pressure for
a saturated soil and n is a parameter indicating pore size distribution.
Using this equation, the effective stress can be determined as follows.

σ′ = σ − ua + (ua − uw) ua − uw ≤ 0 (18a)

σ′ = σ − ua +
ua − uw

(1 + [α(ua − uw)]n)(n−1)/n
ua − uw ≥ 0 (18b)

The above equations together with figure 26 serve to give insight in all the processes going in the soil under
unsaturated conditions (Lu et al., 2010).
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2.3.3 Experimental data on K0 changes under unsaturated conditions

In this section, the behaviour of K0 under varying levels of saturation is elaborated. Work from researchers is
presented who use the different approaches explained above.

The first tests on unsaturated clay samples are performed by Zhang et al. (2009). Triaxial K0 consolidation
tests were performed on 16 samples of expansive clay with different saturation levels. During the tests axial
and radial stresses were monitored as well as the pore water pressure. The radial stress was increased at a rate
of 10 kPa/h up to a predetermined maximum. During this loading, the axial stress was increased accordingly
to keep no radial deformation. After reaching the desired radial stress, it was kept constant and the specimens
were consolidated until the axial deformation reached less than 0.01 mm per hour. The axial stress vs radial
stress graph for the four samples with a maximum radial stress of 50 kPa is shown below.

Figure 28: Variation of axial stress with radial stress under different degrees of saturation (Zhang et al., 2009).

It can be seen that for a high degree of saturation the relationship is linear whereas for a low degree of saturation
the relationship is nonlinear initially. The reason for this is that at low degrees of saturation the soil structure
is able to resist the axial stress better initially. After a certain point the soil structure collapses and the
relationship becomes linear. Another point worth mentioning is that the axial stress decreases towards an
ultimate stress when the radial stress remains constant. Using the measured stresses, the researchers calculated
the effective stresses using Bishop’s effective stress principle (equation (9)) and K0 accordingly. Their results
are shown below.

Figure 29: Variation of K0 with degree of saturation (Zhang et al., 2009).

It can clearly be seen that the data shows that K0 increases with degree of saturation. The variation in K0

can be as high as a factor 3 over an increase in degree of saturation with 40%.
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Oh et al. (2013) performed tests on fourteen samples, 10 clayey sand and 4 silty sand, in a suction controlled
triaxial setup. Different matric suctions were applied on the samples. During loading, radial strains were
prohibited meaning a K0 consolidation path was followed. Their findings showed that when the matric
suction was increased, a lower horizontal stress was found at the same vertical stress. This directly means
that K0 decreases with an increase in matric suction.

The obtained results were collected and plotted in one figure with K0 on the vertical axis (both using effective-
and total stresses) and matric suction on the horizontal axis (figure 30). It can be seen that there is a decrease
in K0 with an increase in matric suction for the clayey sand when total stresses are considered. The effective
stresses were calculated using the suction stress approach from section 2.3.2 and it can be seen that K0

calculated using the effective stresses is constant no matter the applied suction. This suggests that the suction
stress approach yields a unique value for K0.

Figure 30: Variation of K0 with matric suction for a clayey sand (Oh et al., 2013).

Pirjalili et al. (2020) used a new device to evaluate K0 in a suction-controlled system. Using this device,
Firouzkouh clay and a Sand-Kaolin mixture were tested at different void ratios and matric suction levels. The
effective stresses were calculated using Bishop’s effective stress approach and the corresponding K0 value with
it. The findings show a decrease of K0 with increasing matric suction.

Figure 31: Variation of K0 with matric suction (Pirjalili et al., 2020).
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Tests on saturated and unsaturated samples on the same soil were performed by Abrantes and de Campos
(2019). Different triaxial chambers were used for the saturated and the unsaturated tests. The soil which was
tested was a high plasticity clay. The results of the tests show a constant value of K0 of 0.36 under saturated
conditions. For unsaturated conditions the results are shown in figure 32

Figure 32: K0 under loading and unloading calculated using both Bishop’s and Fredlund’s approaches, matric
suction = 10 kPa (Abrantes & de Campos, 2019).

It can be seen that there is a change in K0 value under different loading conditions. In general however, the
value of K0 in the unsaturated conditions is lower than the value of 0.36 found for the saturated sample. A
point worth noting is that the difference in prediction by Bishop’s (equation (9)) and Fredlund’s approach is
small.

de Campos et al. (2021) tested residual gneiss samples using a triaxial chamber similar to the one used by
Abrantes and de Campos (2019). Their findings showed that K0 decreased with suction no matter if it was
expressed using total stresses (Fredlund’s approach) or effective stresses (Bishop’s approach). The results are
shown in figure 33.

Figure 33: Variation of K0 under suction, defined in effective stresses (a) and total stresses (b) (de Campos
et al., 2021).
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2.3.4 Unsaturated constitutive modelling

The conceptual approach presented by Jommi (2000) will be adopted in the following.

Bishop’s formulation (equation (9)) can be rewritten in tensor formulation as shown below.

σ′hk = σhk − uaδhk + χ(ua − uw)δhk (19)

Where δhk is the Kronecker delta. A general constitutive law in incremental form, relating the rate of change
in stresses to the rate of change in stress through a constitutive matrix.

ε̇ij = Cepijhkσ̇
′
hk (20)

On the contrary, models using two stress variables usually use the elastoplastic matrix linked to the net stress
and define an explicit dependence on the suction level giving the following expression.

ε̇ij = Cepijhk(σ̇′hk − u̇aδhk) + Csijhk(u̇a − u̇w)δhk (21)

As can be seen, an extra constitutive matrix (Csijhk) is used to model the suction influence on the strain rates.
To avoid doing this, a single stress approach can be used which adopts a stress variable called the average soil
skeleton stress. It is defined as the difference between the total stress and the weighted average of the air and
pore water pressure. The saturation degree is used as the weighing factor.

σ̂hk = σhk − [Sruw + (1− Sr)ua]δhk (22)

This definition can directly be substituted in equation (20) without the need for an extra constitutive tensor.
By rewriting equation (22) it can be shown that an increase in matric suction can be considered as an
increment to the isotropic stress. Experimental data show that when starting from saturated conditions,
applying a suction increases the shear and volumetric stiffness which can be modelled as an increment to
the isotropic stress. This part of the soil behaviour is therefore modelled correctly by using the average soil
skeleton stress as a single stress variable (Jommi, 2000).

Using equation (22), an increase in suction would lead to a decrease of the preconsolidation stress. However,
for unsaturated soils, it has been observed that an increase of suction leads to a increase in the apparent
preconsolidation stress. This behaviour is not modelled by only using the average soil skeleton stress.
Another aspect of unsaturated soils is that under wetting the soil experiences swelling and/or collapse
depending on the net stress level which is something not modelled either by the average soil skeleton stress.
This second point is backed up by available experimental evidence in which triaxial tests were performed
on sands. In these tests, a conventional compression path was followed after which the isotropic stress was
reduced while keeping the deviatoric stress constant. By reducing the isotropic stress, an increase in the void
ratio would intuitively be expected. At higher stress levels though, the soil samples underwent compaction.
This can be interpreted as a structural collapse of the soil skeleton (Jommi, 2000).

Neither of the two points above are able to be modelled by using a single stress variable approach like the
average soil skeleton stress. However, Jommi (2000) states that both the increase in apparent preconsolidation
pressure and the collapse upon wetting of the soil cannot be interpreted as being caused solely by an increase
or decrease of the mean pressure on the soil. Both effects are more similar to bonding and debonding when
looking at it from a macroscopic point of view. This bonding and debonding can be seen as the macroscopic
equivalent of the interactions between the air-water interface and the soil skeleton.

In order to reproduce both the increase in the preconsolidation pressure and the collapsing behaviour observed
upon wetting, Jommi (2000) suggests to modify the hardening rule for the preconsolidation pressure. Merely
substituting the average soil skeleton stress would give:

p̂0 = (p∗0 − Srs) (23)

25
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where p̂0 and p∗0 are the mean preconsolidation pressures under unsaturated and saturated conditions respectively.
Equation (23) shows that increasing the suction in this case would result in a decrease in the mean preconsolidation
pressure. Because of this an adaptation to the equation is required.

p̂0 = (p∗0 − Srs) + h(Sr) (24)

The term h(Sr) is a (positive) function of the degree of saturation. In order to evaluate h(Sr) at a given
suction level, a relationship between suction and degree of saturation is required. This relation is found in the
Soil Water Retention Curve (SWRC). Using both h(Sr) and a proper SWRC, an accurate description of the
increase in preconsolidation pressure can be obtained. Since the suction and the degree of saturation are related
trough the SWRC, it is also possible to define h as a function of suction. However, defining h as a function of
the degree of saturation has the advantage that the function can be defined in such a way that as the degree
of saturation approaches one, the unsaturated mean preconsolidation pressure becomes equal to the saturated
one. An example of an implementation of h as a function of the degree of saturation will be given in section 5.1.

Another advantage of adopting this approach is that effects of void ratio and drying/wetting can be included
in the SWRC. At the same suction value, a different degree of saturation can be found based on whether this
suction was obtained by drying or wetting of the soil. This phenomenon where, depending on whether the
soil experiences drying or wetting, different degrees of saturation are found at the same suction is known as
hysteresis.
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3 Methodology

In this section, the methodology used to answer the research questions will be explained. The basis of the
project is a saturated elastoplastic model based on the SANICLAY (Simple ANIsotropic CLAY) model as
found in Dafalias et al. (2006). In order to be able to answer the research questions, this model needs to be
extended so that it is able to account for creep and the influence of unsaturated conditions. As is described in
the literature study above, creep will be accounted for by introducing viscosity in the model through Perzyna’s
approach. The influence of unsaturated conditions will be accounted for by adopting the average soil skeleton
approach given by Jommi (2000). The final goal is to have an unsaturated elasto viscoplastic soil model to be
able to assess the development of K0 over time at different suction levels and see if the observed behaviour is
in line with what was found in the literature. The remainder of this chapter first explains the starting point of
the model after which the extensions of this model following in the next chapters will be touched on shortly.

3.1 Elastoplastic model

As described above, the starting point of the model is based on the SANICLAY model (Dafalias et al., 2006).
In this thesis, the yield surface and plastic potential from Dafalias et al. (2006) are adopted but altered slightly.
McDowell and Hau (2004) suggest an extra degree of freedom for the Modified Cam Clay model to help control
the shape of the yield surface and plastic potential, this same change is adopted here. Both are given in the
equations below and the adaptation (the extra degree of freedom) is found in kf and kg respectively.

f = (−pβ + q)2 +
(N2 − β2)p2

(kf − 1)
−

(N2 − β2)( ppc )
2
kf p2

c

(kf − 1)
= 0 (25)

g = (−pα+ q)2 +
(M2

g − α2)p2

(kg − 1)
−

(M2
g − α2)( p

pc,g
)

2
kg p2

c,g

(kg − 1)
= 0 (26)

where: p Mean effective stress
α, β Non-dimensional anisotropic variables accounting for the coupling of deviatoric and

volumetric plastic strain rates
q Deviatoric stress
Mg Critical stress ratio
N Shape of the yield surface
kf , kg Shape controlling parameters of yield surface and plastic potential respectively
pc, pc,g Initial size of yield surface and plastic potential

The critical stress ratio (Mg) is equal to Mc if the stress ratio η (q/p) is bigger than α and equal to Me if
it is smaller. Mc and Me are the slopes of the critical state lines in p-q space in compression and extension
respectively. Regarding kg, the value of this parameter is always kept equal to 2.0 in this work.
The equations above contain 3 internal variables (pc, α and β), the change of each of these variables is governed
by their respective hardening laws. For the sake of simplicity, the hardening law for α is assumed to be equal
to β as suggested by Dafalias and Taiebat (2013).

ṗc = 〈L〉p̄c = 〈L〉
(

1 + e

λ− κ

)
pc

(
∂g

∂p

)
(27)

β̇ = 〈L〉β̄ = 〈L〉
(

1 + e

λ− κ

)
C

(
p

pc

)2

|∂g
∂p
||η − xβ|(βp − β) (28)

where: e Void ratio
λ, κ Slopes of normal compression and rebound curves respectively
η Stress ratio (q/p)
x Saturation limit of anisotropy
C Rate of evolution of anisotropy
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Note that if η/x > β, then βp = Mc and if η/x < β, then βp = -Me. Also note that 〈〉 denote the Macauley
brackets making sure that when L is bigger than 0, 〈L〉 = L and when L is smaller than 0, 〈L〉 = 0.
The equations above are formulated in triaxial stress space for the sake of simplicity. In the existing
elastoplastic code (which will be touched on in the next paragraph), the equations are included in multiaxial
stress space. For the extension of the equations to multiaxial stress space, refer to chapter 3 of Dafalias et al.
(2006).

The plastic strain rate is given by the flow rule and is already present in the two equations above. The term
〈L〉 ∗ ∂g∂p is the flow rule for the volumetric plastic strain rate (ε̇pv).

The plastic multiplier L is defined as follows.

L =
1

Kp

(
∂f

∂p
ṗ+

∂f

∂q
q̇

)
(29)

with,

Kp = −
(
∂f

∂pc
p̄c +

∂f

∂β
β̄

)
(30)

where p̄c and β̄ are calculated from equation (27) and equation (28) respectively.

3.2 Model extensions

The elastoplastic model based on SANICLAY is already available in a mechanical driver capable of modelling
the soil behaviour assuming saturated conditions. This code will be extended step by step to eventually
reach an unsaturated elasto viscoplastic model. The next two chapters will focus on the steps being taken to
develop this model. The first step is adapting the model to make it elasto viscoplastic which will be explained
in detail in the next chapter. After that, the elastoplastic model is taken again and this time the influence of
unsaturated conditions is included. This development is described in chapter 5. After both adaptations are
done separately, a combined model version is constructed which is the final unsaturated elasto viscoplastic
model. This final model version is also included in chapter 5.

Both chapters 4 and 5 will have a similar outline. First, the changes in the model formulation will be touched
on. After this, experimental data that is taken from the literature is elaborated upon. Both chapters will then
touch on the determination of the model parameters which is followed by the model validation in which the
model output is compared to the earlier mentioned experimental data. Each chapter will end with a short
conclusion on the respective model version. Which model version is described in which chapter is highlighted
in figure 34 below.

Figure 34: Flowchart of Methodology spread over chapters 3 to 5.
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4 Elasto Viscoplastic model

This chapter will go in detail on the implementation of time dependency in order to model creep using Perzyna’s
approach as described in section 2.2.3. This implementation is broken down in steps starting with the required
model changes. After this, the experimental data obtained from the literature is explained in two steps. First,
the material which is used to validate the model is elaborated upon after which the tests performed on this
material are explained. Following this is the parameter calibration performed to match the model parameters
to the material and testing program. Then, the model validation itself is performed in which numerical output
from the elasto viscoplastic model is compared to the gathered experimental data. The chapter ends with
conclusions that can be drawn based on the model validation.

4.1 Model formulation

To implement Perzyna’s overstress approach in the model, two changes are required to the elastoplastic model
described in section 3.1. The first change is in the calculation of the plastic strains which is now done using
Perzyna’s approach instead of using a plastic multiplier. The second change is that in the hardening laws the
new viscoplastic volumetric strain needs to be included. The choice for the viscous nucleus is also explained.
Both changes will be explained in detail below.

As stated above, in the elastoplastic model variant from the previous section, the plastic strains were calculated
by using a plastic multiplier and the derivative of the plastic potential. By adopting Perzyna’s overstress
approach, the plastic strains are now calculated through the equation below. Note that this equation is very
similar to equation (7) but that the derivative of the plastic potential has been normalised. This is done to
make sure the derivative of the plastic potential only governs the direction of plastic strains and the magnitude
is defined by the term µΦ(f).

ε̇vp = µΦ(f)
∂g
∂σ′

∂g
∂σ′ · ∂g∂σ′

(31)

where: µ Fluidity parameter (1/s)
Φ(f) Viscous nucleus
∂g
∂σ′ Gradient of plastic potential

The viscous nucleus in this work is adopted from Rezania et al. (2016). They based their viscous nucleus using
a Static Yield Surface (SYS) and a Dynamic Loading Surface (DLS) which can be visualised as shown below.

Figure 35: Visualisation of SYS and DLS (Rezania et al., 2016).
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4 ELASTO VISCOPLASTIC MODEL 4.1 Model formulation

The SYS is the current size of the yield surface and does not have to go through the stress point. The DLS
is the version of the yield surface which can be seen as an inflated/deflated version of the SYS and always
goes through the stress point the soil is currently in. The viscous nucleus makes use of the so-called overstress
which is the distance between the DLS and the SYS and can be calculated as follows.

Φ(f) = 〈exp(Nφ ∗ (
pdc
psc
− 1))− 1〉 (32)

In the equation above, Nφ is the strain rate coefficient which needs to be calibrated. psc is the size of the SYS
and pdc is the size of the DLS. Again, Macauley brackets are used, this time to make sure that no viscoplastic
strains occur inside the yield surface. This is the most common approach although some literature suggests
creep strains inside the yield surface as well (Cresseri & Jommi, 2005; Liingaard et al., 2004). In this work,
creep strains are modelled to only be present if the stress state is outside of the yield surface. The possibility of
including creep inside the yield surface as well will be discussed later. In Rezania et al. (2016), pc,g is used for
pdc which is the size of the plastic potential. This is done because an associated flow rule is used and therefore
the plastic potential is equal to the DLS. In this work, a non associated flow rule is used and therefore pdc
needs to be explicitly used.

Equation (31) only governs the rate of change in the viscoplastic strains. To obtain the increment in viscoplastic
strains, a multiplication with a time interval is required. In the model this is obtained by giving each loading
step a corresponding timestep by which the viscoplastic strain rate is multiplied with.

In the elastoplastic model, the hardening laws (equations (27) and (28)) both depend on the volumetric strain
rate which was calculated by multiplying the plastic multiplier (L) with the derivative of the plastic potential
to the mean stress.
In the viscoplastic model, the volumetric strain rate is calculated in a different way. Equation (31) calculates
the strain rate for each of the stress components so the volumetric strain rate is simply the strain rates of the
principle stresses added together. Noted down as an equation this becomes.

ε̇vpv = {1 1 1 0 0 0}T · ε̇vp (33)

To help clarify this change, the new hardening laws are given below.

ṗc =

(
1 + e

λ− κ

)
pc ε̇

vp
v (34)

β̇ =

(
1 + e

λ− κ

)
C

(
p

pc

)2

|ε̇vpv ||η − xβ|(βp − β) (35)

Again, these equations are noted in rate of change. To get an increment in either of the internal variables, the
equations simply need to be multiplied with a time increment.

By changing the way the plastic strains are calculated and updating the hardening laws, the model has
been changed from elastoplastic (EP) to elasto viscoplastic (EVP).
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4.2 Material description

The data that is being used to validate the EVP model is taken from two theses, namely the ones from Polinder
(2019) and Wegman (2020). Both of these theses contain tests on the well known OostVaardersPlassen (OVP)
clay.

The reason why both theses used OVP clay as their soil is because it is assumed to be representative for
Dutch organic soils. Their samples were prepared as follows. A 100 kg sample was taken in April 2017 and
was first mixed in a vacuum mixer to remove air bubbles. After this, de-aired water was added and the
sample was mixed for 10 hours. Then, the samples were consolidated to bring down their water content. This
was done using K0-consolidation at a pressure of 40 kPa, this process took 172 days (Wegman, 2020). The
following characteristics can be assigned to the soil.

Table 1: OVP Clay characteristics (Polinder, 2019).

Property Unit Value

Unit weight [kN/m3] 14.0
Specific gravity [-] 2.53
Mass content clay [%] 26
Mass content silt [%] 71
Mass content sand [%] 3
Organic content [%] 9.5
Liquid limit [%] 120
Plastic limit [%] 37

4.3 Test description

This section describes the tests that are performed on the OVP clay and whose results will be used in the
validation of the EVP model. From these tests, three will be used briefly in the parameter determination in
the next section. These three tests are the stress path in p’-q space and the void ratio vs log(p’) plots from
Wegman (2020) and a 10 day ageing deformation test by Polinder (2019). These tests will be explained in
detail below. In the parameter determination these tests will only be used briefly to get a first visualisation
of the model performance. Because of this, all the test results that are presented below will be used in the
model validation which is the penultimate section of this chapter.

4.3.1 Wegman (2020) tests

Wegman (2020) performed triaxial tests on OVP clay samples. Their goal was to test samples at different
OverConsolidation Ratios (OCRs). In the EVP model validation, three samples will be used. One is Normally
Consolidated (NC), one is Slightly OverConsolidated (SOC) and one is Highly OverConsolidated (HOC).
In the following, the testing procedure is explained and the experimental results from Wegman (2020) are
presented.

The first step in the test program is to consolidate the samples. For all samples the same procedure
was followed. Initially, the samples are isotropically consolidated until about 20 kPa (this is below the
preconsolidation pressure). After this, the deviatoric stress is increased until the K0 line is reached. This
results in a stress path in p’-q space with a slope of 3:1. Upon reaching the K0 line, a stress path is followed
at constant stress ratio (η) to make sure the sample stays on the K0 line. This is continued until the desired
preconsolidation pressure is reached. For the overconsolidated samples, an unloading path is applied as
well. During unloading, the vertical stress is reduced to obtain the desired OCR. After completion of the
consolidation, the samples are ready for the shearing process to start. Shearing is performed undrained at a
rate of 1% strain/hr. Wegman (2020) presents their data in several graphs showing separately the consolidation,
unloading and shearing paths for several samples. Shown below are the complete experimental stress paths
for the relevant sample. These are obtained by extracting the experimental data from the figures by Wegman
(2020) and are presented in this way for the sake of clarity.
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Figure 36: Stress path in p’-q space, TRX 3 is the Normally Consolidated (NC) sample, TRX 4 the Highly
OverConsolidated (HOC) one and TRX 5 the Slightly OverConsolidated (SOC) one - Data taken from Wegman
(2020).

As is shown in the figure caption, the used tests are TRX 3, 4 and 5 which are normally consolidated, highly
overconsolidated and slightly overconsolidated respectively.

Wegman (2020) presents additional results next to the stress paths shown above. Two of these results are
the deviatoric stress and excess pore pressure during shearing vs the axial strain. These graphs are presented
below. Note that the axial strain at the start of shearing is taken as 0%.

Figure 37: Deviatoric stress development with axial strain during shearing - Data taken from Wegman (2020).
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Figure 38: Excess pore pressure development with axial strain during shearing - Data taken from Wegman
(2020).

For the model validation, it is interesting to look at the stress paths not only in p’-q space but also in σ′v-σ
′
h

space. Wegman (2020) presented for each of the samples the development of the stresses and strains with time
throughout the tests. At a multitude of moments in time, both the vertical and horizontal effective stress
are taken from these plots to be able to create the stress paths in σ′v-σ

′
h space. This stress path is presented

below. For the sake of clarity, the symbols are connected with lines because otherwise the figure would be too
difficult to read. In the model validation presented later these lines will be removed.

Figure 39: Stress paths in σ′v-σ
′
h space - Data taken from Wegman (2020).
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The final plot from Wegman (2020) which will be used is the monitored void ratio throughout the test.
This is presented in figure 40 with p’ on the logarithmic horizontal axis. Different stages of the test can
be seen, the initial part of the test is on the reloading branch which shows stiff behaviour. After the
preconsolidation pressure is exceeded, the behaviour is less stiff corresponding with the primary loading
branch. Upon completion of the loading stage, unloading stages can clearly be seen as well. It should be
noted that after unloading, a waiting period was applied before shearing was started. During this waiting
period an increase in the void ratio due to a rebound of the soil is observed for the highly overconsolidated
sample. A rebound like this is not commonly measured and therefore is likely to not be the true soil behaviour.
The void ratio was determined based on the water extortion during the triaxial test in order to get a consistent
measurement of the void ratio, this is not the usual practice though and therefore measurement errors might
have affected the results (Wegman, 2020). The final part which is present is the undrained shearing stage
where p’ changes but the void ratio remains constant. The final values are indicated with big markers.

Figure 40: Void ratio vs log mean effective stress - Data taken from Wegman (2020).
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4.3.2 Polinder (2019) tests

Using the OVP clay, Polinder (2019) performed K0-CRS (Constant Rate of Strain) tests. From their results,
two tests are used to help with the model validation. The first test is a 10 day ageing test in which a sample is
loaded, then left to age for 10 days and then loaded again after which it is unloaded. The idea behind this test
is that after the first loading stage, a certain isotach is reached. During ageing, the soil moves away from this
isotach which is reached again upon reloading. The principle behind isotachs is explained by Polinder (2019).
The testing equipment governed the vertical stress and measured the horizontal one at the same time. The
results are plotted in two graphs, one shows the stress path in p’-q space and the other one shows the vertical
and horizontal stresses over time. Both graphs will be used in the model validation with the goal being to see
how well the model predicts the stress development over time as well as assessing the ability of the model to
follow the experimental stress path. Shown below is first the stress path in p’-q space after which the effective
stress vs time plot is presented.

Figure 41: Stress path in p’-q space - 10 days ageing (Polinder, 2019).
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Figure 42: Measured imposed vertical and effective horizontal stresses in time - 10 days ageing (Polinder,
2019).

The second test is an ageing test in which the change in void ratio is monitored. Two samples are compared
which are loaded to the same vertical effective stress, then left to rest for 10 and 30 days respectively after
which they are loaded again. With this test the ability of the model to predict the creep behaviour of the soil
is tested. The test results are shown below, sample 8 is the 10 days ageing sample and sample 16 the 30 days
one. In this figure, two additional samples (13 and 14) are presented. Due to power failures during their tests,
the data belonging to these samples is not used.

Figure 43: Void ratio vs log vertical effective stress - Sample 8 is subjective to 10 days ageing, sample 16 to
30 days ageing, the other two samples are not used (Polinder, 2019).
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4.4 Parameter determination

The EVP model uses 12 parameters and 6 initial state variables which all need to be calibrated to the soil
that is being used. The parameter determination is explained in detail below.

The parameters needed to validate the elasto viscoplastic model are divided in three groups. These are:

• Elastoplastic parameters

Mc Value of stress ratio q/p at critical state in compression
cM Me/Mc

λ∗ Slope of compression line in ln(ν)-ln(p’) plane - Calculated from λ as λ∗ = λ / (1 + e0)
κ∗ Slope of rebound line in ln(ν)-ln(p’) plane - Calculated from κ as κ∗ = κ / (1 + e0)
ν Poisson’s ratio
N Shape of the yield surface (1)
x Saturation limit of anisotropy under constant stress ratio
C Rate of evolution of anisotropy
kf Shape of the yield surface (2)
kg Shape of the plastic potential (always equal to 2.0)

• Viscosity parameters

µ Fluidity parameter
Nφ Strain rate coefficient

• Initial state variables

ε0 Initial strain
σ0 Initial total stress
α0 Initial rotation of plastic potential
β0 Initial rotation of yield surface
pc,0 Initial mean preconsolidation pressure
e0 Initial void ratio

First, the parameters from the first and third group are determined. This is done using the elastoplastic
(EP) version of the model (see section 3.1) which does not yet include the viscosity parameters. Parameter
determination is done by taking the values either directly from the literature or calculating them based on
equations from the literature.
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4.4.1 Elastoplastic model parameters

The elastoplastic parameters are determined first. Two parameters can directly be taken from Wegman (2020).
He states that Mc = 1.61 and Me = 1.35 leading to cM = 0.84. λ and κ can be determined from the data
in figure 40. κ is the slope of the reloading line and λ the slope of the virgin compression line. Using the
normally consolidated sample, λ and κ are determined as shown below.

Figure 44: Determination of λ and κ using the normally consolidated deformation data from Wegman (2020).

With the initial void ratio of 2.59, λ∗ becomes 0.46 / (1 + 2.59) = 0.13, similarly κ∗ becomes 0.014. Fern
et al. (2017) states a value of 0.2 for the Poisson’s ratio (ν) of OVP clay.

The parameter values for N and x need to be determined according to Dafalias et al. (2006). They state that
x can be calculated as follows.

ηk
x

=
B ∗ ε ∗ η3

k + η2
k + [2(1− κ/λ)−BM2

c ]εηk −M2
c

2ε(1− κ/λ)
, with B = − 2(1 + ν)

9(1− 2ν)

κ

λ
(36)

Using a K0 loading path, ε is equal to 3/2 and ηk is equal to ηk0 which can be calculated as 3(1−K0)
1+2K0

. K0 can
be calculated using Jaky’s relationship (equation (3)). Wegman (2020) reports a value of 40.1° for the critical
state friction angle. K0 can now be estimated as 1 - sin(40.1) = 0.36.
Now that κ, λ, Mc, ν and K0 are known, it can be determined that ηk is 1.12 and B is -0.05 leading to an x
value of 1.71. Note that here κ and λ are used and not κ∗ and λ∗.

N on the other hand can be calculated using the following expression.

pf
pk0

=

(
N2 − η2

k0

N2 − 2ηk0Mc +M2
c

)(1−κ/λ)

(37)

This equation assumes a normally consolidated clay. In figure 36, TRX 3 is the normally consolidated test so
therefore this test should be used to determine pf and pk0 . pk0 is the p value at the end of K0 consolidation
and is equal to 123 kPa. pf is the p value at critical state and as can be seen in figure 36 is roughly equal
to 100 kPa. All other values have already been calculated above. With these values, N is determined to be 1.48.

The parameters that still need to be determined are kf and C. For the sake of simplicity and in absence of
experimental evidence, kf is assumed to be equal to kg as 2.0.
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The value for C has to be determined through the execution of trial runs with the other parameters known.
This process is relatively simple since Dafalias et al. (2006) states that C often varies between 3 and 20. A
sensitivity analysis was performed within this range (figures 93a and 93b) which can be used in determining
the value of C.

4.4.2 Initial state variables

The initial state variables are determined next. The first variable that is looked at is the mean preconsolidation
pressure. The value for this parameter can be determined using the sample preparation description. Since it
is known that the samples are K0-consolidated to 40 kPa vertical stress and the value of K0 is known to be
0.36, the mean preconsolidation pressure can directly be calculated to be equal to 22.9 kPa.
Figures 39 and 42 show that for both theses the initial stress is small and therefore it is set to 5 kPa isotropic
(σ0 = 5 kPa). The initial strain is assumed to be zero (ε0 = 0).
α0 and β0 can be determined using Dafalias et al. (2006). For the sake of simplicity, β0 will be taken equal to
α0 (as done in Dafalias and Taiebat (2013)) which is calculated as ηk/x (Dafalias, 1987). With ηk and x as
mentioned above, α0 is equal to 0.65. In the model, the rotation needs to be given in multiaxial space instead
of as a scalar. This can easily be converted though leading to β0 = α0 = [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0,
0.0, 0.0].
The initial void ratio for the samples of Wegman (2020) is averaged as 2.59 whereas Polinder (2019) reports
an initial void ratio of 2.61 for their samples.

Below is a comprehensive overview of the determined parameter values with only the value for C left to be
determined.

Table 2: Elastoplastic parameter values - OVP Clay.

Parameter Meaning Value

Mc Value of stress ratio q/p at critical state in compression 1.61
cM Me/Mc 0.84
λ∗ Slope of compression line in ln(ν)-ln(p’) plane 0.13
κ∗ Slope of rebound line in ln(ν)-ln(p’) plane 0.014
ν Poisson’s ratio 0.20
N Shape of the yield surface (1) 1.48
x Saturation limit of anisotropy under constant stress ratio 1.71
C Rate of evolution of anisotropy TBD1

kf Shape of the yield surface (2) 2.0
kg Shape of the plastic potential (always equal to 2.0) 2.0

1 TBD = To Be Determined

Table 3: Initial state variables - OVP Clay.

Parameter Unit Meaning Value

ε0 [-] Initial strain [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0 [kPa] Initial total stress [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] Initial rotation of plastic potential [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
β0 [-] Initial rotation of yield surface [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
pc,0 [kPa] Initial mean preconsolidation pressure 22.9
e0 [-] Initial void ratio 2.59 (Wegman, 2020), 2.61 (Polinder, 2019)

The value for C will be set to 4 as a first approximation. The reason for this is that it was found that for high
values of C, the model ran into convergence problems.
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4 ELASTO VISCOPLASTIC MODEL 4.4 Parameter determination

Using the set of parameters shown above, a first model run is performed using the elastoplastic model. The
model output is compared to data from Wegman (2020). More specifically, the stress paths in p’-q space and
the void ratio vs log(p’) plot are used. The reason for this is that together these graphs give insight in both
the stress and deformation prediction of the model. The results are presented below, the symbols show the
experimental data and the lines the corresponding numerical predictions.

(a) EP model prediction for the stress path in p’-q space.

(b) EP model prediction for the change in void ratio with mean effective stress.

Figure 45: Model prediction using the first set of EP parameters - Experimental data from Wegman (2020).
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The results show that there are definitely viscous influences in the experimental data. This can clearly be
seen in figure 45b where deformation at a constant mean effective stress is observed. Because of this, more
information on the creep behaviour is needed before comments can be made regarding potential tuning of
parameters or the model performance.

4.4.3 Elasto Viscoplastic model parameters

In order to model the creep behaviour that is shown in the experimental data, the elasto viscoplastic (EVP)
model is needed. This model introduces two new parameters (µ, Nφ) which both need to be determined. To
do this, test data from Polinder (2019) is used involving the void ratio vs log(σ′v) plot of a sample which has
been left subjective to creep for 10 days (figure 43).
Unfortunately, no literature on OVP clay is available to give a first guess of the parameter values. Because of
this, Rezania et al. (2016) is used as a starting point in which the viscosity parameters are given for Kawasaki
clay as µ = 7e-6 s−1 and Nφ = 12. Using these parameters as well as a performed sensitivity analysis (figures 95
and 96) it is found that µ = 3e-10 s−1 and Nφ = 9 gives a good fit to the experimental data. The obtained
result with these parameter values is shown below.

Figure 46: Determination viscosity parameters - Void ratio vs log(σ′v) (experimental data from Polinder
(2019)).
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4.4.4 Overview determined parameters

Shown below are the determined parameters for the EVP model having used both data from Wegman (2020)
and Polinder (2019).

Table 4: Elastoplastic parameter values - OVP Clay - EVP Model.

Parameter Meaning Value

Mc Value of stress ratio q/p at critical state in compression 1.61
cM Me/Mc 0.84
λ∗ Slope of compression line in ln(ν)-ln(p’) plane 0.13
κ∗ Slope of rebound line in ln(ν)-ln(p’) plane 0.014
ν Poisson’s ratio 0.20
N Shape of the yield surface (1) 1.48
x Saturation limit of anisotropy under constant stress ratio 1.71
C Rate of evolution of anisotropy 4
kf Shape of the yield surface (2) 2.0
kg Shape of the plastic potential (always equal to 2.0) 2.0

Table 5: Elasto viscoplastic parameter values - OVP Clay - EVP Model.

Parameter Unit Meaning Value

µ [s−1] Fluidity parameter 3e-10
Nφ [-] Strain rate coefficient 9

Table 6: Initial state variables - OVP Clay - EVP Model.

Parameter Unit Meaning Value

ε0 [-] Initial strain [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0 [kPa] Initial total stress [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] Initial rotation of plastic potential [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
β0 [-] Initial rotation of yield surface [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
pc,0 [kPa] Initial mean preconsolidation pressure 22.9
e0 [-] Initial void ratio 2.59 (Wegman, 2020), 2.58 (Polinder, 2019)
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4 ELASTO VISCOPLASTIC MODEL 4.5 Elasto viscoplastic model validation

4.5 Elasto viscoplastic model validation

Using the determined set of parameters, the EVP model now needs to be validated by comparing the model
output to the experimental data. In the following paragraphs this validation will be done starting by using
the data from Wegman (2020). Afterwards, the data from Polinder (2019) will be used to help in the model
validation.

4.5.1 Validation using Wegman (2020) data

The first step in validating the EVP model is by using the experimental data from Wegman (2020). As a
reminder, triaxial tests were performed on samples with different levels of overconsolidation. These samples
are Normally Consolidated (NC), Slightly OverConsolidated (SOC) and Highly OverConsolidated (HOC). The
experimental data can be found in figures 36 to 40. The first set of results is obtained by using the parameter
values as determined above (tables 4 and 5), the results are initially presented below using only the stress
path in p’-q space and the void ratio vs log(p’) plot.

(a) EVP model prediction for the stress path in p’-q space.
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(b) EVP model prediction for the change in void ratio with mean effective stress.

Figure 47: Model prediction using the EVP model and the initial set of detemrined parameters - Experimental
data from Wegman (2020).

It can be seen that the results have changed compared to the original EP model (figures 45a and 45b).
Adopting the EVP model apparently requires altering of some of the parameters. Figure 47a shows that the
model predicts the samples to go towards the critical state line too late during shearing. Shown below are the
stress paths with yield surfaces for the model runs performed with the EP and EVP model. The EVP model
shows both the SYS (Static Yield Surface) and the DLS (Dynamic Loading Surface) as explained at the start
of this chapter.

(a) Stress path with yield surface for sample TRX 3 using the EP model.
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(b) Stress path with SYS and DLS for sample TRX 3 using the EVP model.

Figure 48: Yield surface development for the EP and EVP model.

Figure 48b shows that in the EVP model, the DLS (which always goes through the stress point) is too big.
Changing the size of the DLS would mean that pcd would need to be altered which is not desired. Another
option to improve the stress path in the EVP model is to change the shape of the DLS. If it is flattened, the
stress path will move towards the CSL earlier. Using a performed sensitivity analysis with the EVP model
(appendix A.3), N and kf (the parameters governing the shape of the DLS) are changed to become 1.00 and 3.5
respectively. Figure 47b indicates that the amount of deformation at a constant stress is too small, therefore
the viscosity parameters need to be increased to make sure that the model predicts enough deformation. Nφ
is set to 13 and µ to 8e-10 s−1 to account for this. Finally, it was found that x should be changed to 1.80.
With these new parameters the results look as follows.

Figure 49: Model prediction for the stress path in p’-q space using the EVP model and the altered set of
determined parameters (experimental data from Wegman (2020)).
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The new stress path with SYS and DLS for sample TRX 3 is shown below.

Figure 50: Stress path with SYS and DLS for sample TRX 3 using the tuned EVP model.

It can be seen that with the new shape of the DLS, the stress path is forced to go to the critical state line
faster which is in correspondence with the experimental data. The rest of the results are presented next.

(a) Deviatoric stress vs axial strain during triaxial shearing.
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(b) Pore water pressure vs axial strain during triaxial shearing.

(c) Stress path in σ′
v-σ′

h space.

47



4 ELASTO VISCOPLASTIC MODEL 4.5 Elasto viscoplastic model validation

(d) Change in void ratio with mean effective stress.

Figure 51: EVP model predictions compared to experimental data from Wegman (2020).

From the figures above the following things can be noted. First of all, looking at figure 49, it can be seen
that the model follows the stress paths quite well. Since only one set of parameters is used, the NC sample
underpredicts the experimental data during shearing and the HOC sample overpredicts the experimental
data. There is no solution for this other than using different parameters for the different sample which is not
desirable.
The excess pore pressure development shown in figure 51b shows that the peak pore pressure is predicted quite
accurately for the samples. Again, it can be seen that the NC and HOC samples differ from the experimental
data in opposite directions. What is meant is that in this case the NC sample overpredicts the experimental
data and the HOC sample underpredicts the data. In general, the trend the model follows is satisfactory.
Finally, looking at the deformation behaviour presented in figure 51d it can be concluded that the model
predicts creep reasonably well. Whenever there is a break between loading steps and the sample is subjective
to creep the model predicts this accurately. As stated before, the increase of the void ratio when the mean
effective stress is kept constant after shearing is not commonly observed. It is therefore deemed correct that
the model does not predict this behaviour.
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4.5.2 Validation using Polinder (2019) data

As described earlier in section 4.3, two tests are taken from Polinder (2019) to help evaluate the model
performance. The first one is a test where a sample is loaded, then left to age for 10 days, then loaded again
after which it is unloaded. The experimental stress path is plotted in two plots, effective stresses (vertical
and horizontal) vs time and in p’-q space. Using the tuned parameters after the validation on the data from
Wegman (2020) the following prediction for the effective stresses over time is obtained.

Figure 52: Stresses vs time - 10 days ageing (experimental data from Polinder (2019)).

In the figure above, the red and blue dots are the experimental vertical and horizontal effective stress
respectively and the purple and green lines the model outputs. Looking at the horizontal effective stress, it
can be seen that the experimental data is quite significantly higher than the model prediction. However, when
looking at the start of the test it can be seen that the data already shows a significant horizontal effective stress.
This is likely due to experimental problems, Polinder (2019) states that the measurement apparatus was prone
to stick and slip behaviour especially at low stresses which can explain this initial measured stress. Because
of this, the experimental data has been corrected resulting in the orange dots for the horizontal effective stress.

It can be seen that in general the model output fits the experimental data well. The vertical stress is governed
both experimentally and numerically so it is no surprise that this fit is almost perfect. The fit to the horizontal
stress is less exact but looking at the general trend it shows good correspondence. The most interesting part
of the data is the 10 day ageing time starting slightly after 2 days. The experimental horizontal stress does not
follow a clear trend but roughly increases slightly. The horizontal stress model output appears to be constant
which would not be in line with the experimental findings. Since the vertical effective stress is constant during
the ageing period, a change in horizontal effective stress can be seen in the value of K0. Shown below is both
the experimental and numerical K0 starting from 10 day ageing period. The reason for this is that the initial
experimental data is inconsistent as explained above.
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Figure 53: K0 vs time - 10 days ageing (experimental data from Polinder (2019)).

Figure 53 shows that during ageing, the model does predict a very small increase in K0 (mainly present
initially) but this change is a lot smaller than the experimental change. Polinder (2019) mentions that the
measurement of the lateral stresses could not be quantified due to stick and slip behaviour in the K0-ring.
Next to this, the experimental data shows similar behaviour to the K0 tests on Tiller clay (figure 20). For
these tests Gjengstø (2016) mentions that the variations in measured data are due to temperature fluctuations
which could very well be the case in this data as well. After loading is applied again the model prediction
matches the experimental data well which continues through the unloading stage.

Next to the change in horizontal stress during the 10 day ageing period, the change in preconsolidation pressure
is analysed as well. Shown below is the same figure as above but this time pc is presented. Note that for pc
no experimental data is available so no comparison can be made.

Figure 54: pc vs time - 10 days ageing.
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It can be seen that during ageing the preconsolidation pressure increases. This increase is rapid initially and
then slows down significantly. This behaviour was to be expected since the yield surface moves towards the
stress point, the expansion of the yield surface in each timestep is based on the distance to the stress point so
initially the expansion is rapid and as the yield surface gets closer to the stress point it expands less.

As has been stated before, the stress path given in figure 52 is also presented in p’-q space. Shown below are
two figures, the one on the left shows the stress path using the raw experimental data. The plot on the right
shows the stress path upon correction of the horizontal stress. These two correspond to the blue and orange
dots in figure 52 respectively.

Figure 55: Stress path in p’-q space - 10 days ageing (experimental data from Polinder (2019).

As can be seen, the model follows the general trend of the stress path well. The details of the stress path such
as the ageing behaviour shown in orange and green are not captured by the model. This is similar to what was
seen in figures 52 and 53 where the horizontal experimental stress changed a lot more than the numerically
predicted one. Overall the results can be stated to be satisfactory.

The second test used from Polinder (2019) evaluates the ageing behaviour of the soil (and can thus be used to
test the ageing behaviour of the model). Shown below is a figure in which two samples are loaded to a certain
effective stress after which they are left to age for 10 and 30 days respectively and then loaded again. It comes
as no surprise that the sample that is left to age for longer shows more deformation since there is more time
for the sample to creep. Slowing down of the creep behaviour can clearly be seen as well since the additional
deformation in the extra 20 days is only a fraction of the deformation that was present in the first 10 days.

When looking at the model performance it can be seen that the model predicts this increase in deformation
accurately. The reloading branch is predicted less accurately and the void ratio is underpredicted.
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Figure 56: Void ratio vs log(σ′v) for differently aged samples (experimental data from Polinder (2019)).
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4.5.3 Overview final parameters

Shown below are the final values of all parameters used in the EVP model.

Table 7: Elastoplastic parameter values - OVP clay - EVP Model - Final values.

Parameter Meaning Value

Mc Value of stress ratio q/p at critical state in compression 1.61
cM Me/Mc 0.84
λ∗ Slope of compression line in ln(ν)-ln(p’) plane 0.13
κ∗ Slope of rebound line in ln(ν)-ln(p’) plane 0.014
ν Poisson’s ratio 0.20
N Shape of the yield surface (1) 1.00
x Saturation limit of anisotropy under constant stress ratio 1.80
C Rate of evolution of anisotropy 4
kf Shape of the yield surface (2) 3.5
kg Shape of the plastic potential (always equal to 2.0) 2.0

Table 8: Elasto viscoplastic parameter values - OVP clay - EVP Model - Final values.

Parameter Unit Meaning Value

µ [s−1] Fluidity parameter 8e-10
Nφ [-] Strain rate coefficient 13

Table 9: Initial state variables - OVP clay - EVP Model - Final values.

Parameter Unit Meaning Value

ε0 [-] Initial strain [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0 [kPa] Initial total stress [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] Initial rotation of plastic potential [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
β0 [-] Initial rotation of yield surface [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
pc,0 [kPa] Initial mean preconsolidation pressure 22.9
e0 [-] Initial void ratio 2.63 (Wegman, 2020), 2.78 (Polinder, 2019)

4.6 Conclusions

From sections 4.5.1 and 4.5.2 it can be concluded that the EVP model works accurately. The overall
performance is good with some difficulties in predicting samples with different OCRs using one set of parameters
or the prediction of the stress increase during ageing. In general though, the model captures the majority
of the qualitative soil behaviour under different stress paths or test conditions. Because of this the model is
deemed to be working accurately enough.
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5 Unsaturated conditions

This chapter will explain in detail all the steps that are taken to develop and validate the unsaturated version
of the model. In order to keep the development process simple, the influence of unsaturated conditions is first
implemented in the original elastoplastic model and afterwards in the elasto viscoplastic model. Because of
this, there are two unsaturated model versions. Both of these versions will be validated with the elastoplastic
(EP) model first and the elasto viscoplastic (EVP) model second.

For the unsaturated elastoplastic model version, another SANICLAY model version is already available
implemented in a hydromechanical driver that is able to account for the entire hydraulic stress history of
the sample. Because both the saturated and unsaturated viscoplastic model versions are only available in a
mechanical driver, the model validation of the unsaturated EP model will be done using the mechanical driver
as has been done in the previous section. For the determination of the parameters and the state variables
though, the hydromechanical driver will be used.

This chapter has a similar outline to the previous one. First of all, the adaptations that need to be made to
the model to account for unsaturated conditions will be explained. After this, the experimental data from the
literature which is used is explained in two steps. The first step is a description of the material that is being
used in this literature after which the tests that are performed on this material are explained. This is followed
by the parameter calibration required for the model to reproduce the tests results. The chapter ends with the
model validation comparing the model output with the experimental data after which the findings are shortly
concluded.

5.1 Model formulation

As was explained in section 2.3.4, the average soil skeleton stress approach will be used in order to account for
unsaturated conditions in the model. To include this approach in the model, two changes need to be made.
The first one is in the way the stress is calculated and the second change is the update in preconsolidation
pressure due to the desaturation of the soil. These changes are highlighted below.

The stress in the model is now calculated in the following way.

σ̂hk = σhk − [Sruw + (1− Sr)ua]δhk (38)

The subscripts hk and the corresponding Kronecker delta make sure that only the normal stresses are updated
and not the shear stresses.

This can be rewritten as
σ̂hk = σhk − uaδhk + Sr(ua − uw)δhk (39)

And simplified as
σ̂hk = σnet,hk + Srsδhk (40)

The preconsolidation pressure is determined as shown below. This equation will be referred to as the loading
collapse rule in the remainder of this thesis.

p̂c = p∗c{1 + b1[exp[b2(1− S∗r )]− 1]} (41)

where: p̂c Unsaturated preconsolidation pressure
p∗c Saturated preconsolidation pressure
b1, b2 Model parameters
S∗r Relative degree of saturation

p∗c is the saturated preconsolidation pressure as it has been used up until now. Its hardening law is given in
equation (27). It can be seen that the loading collapse has a slightly different shape than what was proposed
by Jommi (2000). She proposed that p̂c should be calculated as follows: p̂c = (p∗c−Srs)+h(Sr), in the loading

54



5 UNSATURATED CONDITIONS 5.2 Material description

collapse this function dependent on the degree of saturation is present but p∗c is not first decreased with Srs.

S∗r is defined as

S∗r


1 for Sr > Sr,aev
Sr−Sr,res

Sr,aev−Sr,res
for Sr,aev > Sr > Sr,res

0 for Sr < Sr,res

(42)

where: Sr,aev Degree of saturation at the air entry value
Sr,res Residual degree of saturation

The relation between the degree of saturation and suction is governed by the Soil Water Retention Curve
(SWRC). The one that is adopted is Van Genuchten’s SWRC as found in Romero and Jommi (2008).

Sr = C(s)[
1

1 + (αs)n
]m; C(s) = 1−

ln[1 + s
a ]

ln(2)
(43)

where α, n, m and a are fitting parameters.

5.2 Material description

No unsaturated time dependent data is available on OVP clay so therefore this soil cannot be used to help
validate the unsaturated EVP model being developed in this chapter. The experimental data therefore had
to be found in another piece of literature. Rezania et al. (2020) performed tests on London clay (LC), both
loading/unloading as well as creep tests were performed on this clay at different levels of suction.

The London clay which was used was cored from the New Hook Farm in the Isle of Sheppey in the UK. The
natural LC had a very high air entry value (AEV) (several MPa) due to the abundance of fine grained material.
Because of this, larger sized aggregates were introduced in the sample to lower the AEV to a few hundred
kPa to allow for testing at different water contents. Reconstituted soil samples were obtained by mixing the
soil mixture described above with distilled water to about 1.5 times the liquid limit. Then, the slurry was
consolidated at a vertical stress of 80 kPa for 5 days using a Perspex consolidometer. After this, the samples
were quickly unloaded to minimize swelling and water absorption. At this point, samples could be taken from
the apparatus in order to perform saturated tests. For unsaturated tests, the samples were taken from the
consolidometer and air-dried to the desired water content. When this was reached, the samples were stored
in air-tight containers for one week in order to obtain moisture equilibrium. Upon completion of these steps,
samples were taken by pushing the oedometer ring into the samples (Bagheri et al., 2020; Rezania et al., 2020).

The table below shows the characteristics that are known about the natural soil.

Table 10: London clay characteristics (Rezania et al., 2020).

Property Unit Value

Mass content clay [%] 64
Mass content silt [%] 34
Mass content sand [%] 2
In situ water content [%] 29-35
Plastic limit [%] 19-24
Liquid limit [%] 70-78
Specific gravity [-] 2.67
Vertical hydraulic conductivity at 20 °C [m/s] 2.5e-10
Classification [-] High plasticity clay
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5.3 Test description

This section will contain a description of the tests performed by Rezania et al. (2020). They performed two
sets of tests, the first one being loading/unloading tests and the second set being a set of creep tests at
different suctions. The first set is used to validate the EP version of the model, the second set is used in
the EVP model validation. Similar to the previous chapter, some of the tests will be used in the parameter
determination as well. In this case three loading/unloading test and one creep test are used for this purpose.
The loading/unloading tests are the saturated sample, and samples with an initial suction of 513 and 1907
kPa. The parameter determination for the EP model is only done using the hydromechanical driver so the
model validation of the mechanical driver is not influenced by this. The creep test that is used is a saturated
sample with an applied load of 178 kPa. What all these tests mean is explained in below in detail.

5.3.1 Tests for EP model

In order to evaluate the elastoplastic version of the unsaturated model, tests are required where the time
variable is not of importance yet. This data is found from multi-staged loading (MSL) tests in Rezania et al.
(2020). In these tests, samples are loaded in multiple steps and following this unloaded in multiple steps as
well. For saturated samples, conventional oedometer cells were used and loading was applied in 24h intervals.
In each loading step the load was doubled starting at 11 kPa and ending at 1421 kPa. After reaching this
load, the sample was unloaded, again in 24h intervals with halving the load at each step until 44 kPa was
reached. The 24h intervals were used to ensure dissipation of built up pore water pressures during loading
and to ensure complete swelling during unloading (Rezania et al., 2020).
For unsaturated samples, specimens were places in suction monitored oedometer cells which were equipped
with high-capacity tensiometers (HCT) to measure the suction throughout the tests. Again, loading was
applied in 24h intervals with the load being doubled after each step. This time around, the final loading
step was smaller than a doubling of the previous load. This was done to avoid disturbance of the structural
properties of the specimens (Rezania et al., 2020).

During all tests, the authors state that no water was expelled and therefore it can be stated that the tests
were carried out at constant water content. The suction is not constant throughout the test since due to
deformation during loading the degree of saturation increases and the suction decreases. Because of this, the
samples are identified by their water content and corresponding initial suction value.

In total, 5 samples with different initial suction values are used as well as the saturated sample. These initial
suction values are: 326, 433, 513, 1405 and 1907 kPa respectively. The table below shows the loading paths
used for the samples, this is followed by a figure showing the experimental data.

Table 11: Loading paths for loading/unloading tests (from Rezania et al. (2020)).

Initial suction (s0) [kPa] Loading path [kPa]

Saturated (0) 11-22-44-89-178-355-710-1421-710-355-178-44
326, 433 and 513 22-44-89-178-355-710-1110-710-355-178-89-44-22-11
1405 and 1907 5-50-100-200-300-400-500-580-500-400-300-200-100-50-25
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Figure 57: Experimental loading/unloading results on London clay from Rezania et al. (2020).

From the results, it can be seen that as the initial suction value increases, the total deformation decreases.
Next to this, the slope of the primary loading curves decreases with an increase of initial suction as well. This
last behaviour can also be seen in the development of the compression parameters (expressed in Cc and Cs,
subscript c for compression and s for swelling) with suction as reported by the authors. Note that in figures 57
and 58, a test with an initial suction of 21000 kPa is included as well. In this work this test is excluded because
the suction level is so high that it is deemed unrealistic for the applications of interest in this work.

Figure 58: Development of compression parameters with suction (Rezania et al., 2020).
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5.3.2 Tests for EVP model

Unsaturated creep data is available from single-stage loading (SSL) tests from Rezania et al. (2020). Reconstituted
samples were used to avoid problems regarding the coupled effects of suction and soil structure. A load was
applied in a single step after which the specimens were left subjective to creep. Only one loading step was
used to make sure that loading effects and creep between loading stages could not influence the results. To
avoid problems caused by sudden loading, the load was applied slowly with a rate of 8 to 10 kPa per hour.
After the load was applied, the specimens were left subjective to creep for 19 to 94 days. It should be noted
that, regarding total stresses, all specimens were loaded beyond their preconsolidation pressures to make sure
the creep response in a normally consolidated state was evaluated. However, the present suction causes an
apparent preconsolidation pressure, this causes the initial creep response to be relatively stiff. Both saturated
and unsaturated samples were tested. For the saturated samples, the conventional oedometer cells were used
similar to the MSL tests. Five samples were tested that were loaded to 178, 222, 355, 444 and 666 kPa
respectively. For the unsaturated samples, the suction monitored oedometer cells equipped with HCTs were
used again (Rezania et al., 2020).

Different combinations of applied loads and initial suction values were used to be able to assess both the
potential influence of load and suction on the creep response of the specimens. The table below summarises all
the different tests that were performed. Again, the results are presented after the table. Only the unsaturated
samples are treated in detail because of their higher significance in the model validation and their more complex
test program.

Table 12: Combinations of loads and initial suction values for creep tests (from Rezania et al. (2020)).

Initial suction (s0) [kPa] Water content (w) [%] Applied load (σvm) [kPa] Test duration [days]

326 37 666 28
326 37 444 29
326 37 355 36
433 36 666 28
433 36 444 21
433 36 355 34
513 35 355 34
513 35 222 34
513 35 178 27
1405 28 666 20
1405 28 444 21
1405 28 355 28
1907 26 222 23
1907 26 178 23
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Figure 59: Results of unsaturated SSL tests at different stress level from Rezania et al. (2020).

The data in figure 59 is presented on a normalised axis dividing the void ratio by ep which is the void ratio at
the end of primary consolidation and is measured 24h after completion of loading.
Looking at this data, several observations can be made. The first and most obvious one is that as the initial
suction increases, the creep deformation decreases. This is most clearly shown in figure 59c where 4 samples
are presented with different initial suction values and all are loaded to 355 kPa. The higher the initial suction
is (the lower the initial water content), the less creep deformation is present.
Next to this, the authors state that the response is stress dependent as well but that this dependency is mostly
present at the end of the tests. What is most likely meant by this is the slope increase that is observed when
a sample with the same initial suction is loaded to a higher stress. The problem with this observation though
is that this is not always the case. When the samples with initial suction 1405 kPa (water content 28%) and
loads 355, 444 and 666 kPa are compared it can be seen that an increase in the slope is observed at the end
of the loading stage when 355 kPa is applied. When a load of 444 and 666 kPa is applied, this increase is not
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spotted. Because of this, the stress dependency cannot be defined clearly.
The final takeaway is that the creep response appears to be suction dominated. Looking at the samples with
1405 kPa initial suction again, it can be seen that when the load changes from 444 to 666 kPa (load increase
of 50%), the creep response remains more or less the same. This dominance of suction does reduce when the
initial suction decreases. A good example of this are the samples with an initial suction of 433 kPa (water
content 36%), looking at the plots with loads 355, 444 and 666 kPa again, it can be seen that as the load
increases the creep response increases as well. This shows that the suction dominance decreases as the suction
itself reduces.

5.4 Parameter determination

In order to be able to get the model to reproduce the experimental results which are explained above, the
model parameters need to be calibrated to the used material which in this case is London clay. Shown below
is an overview of all the parameters in the model. The hydromechanical model that is used in the parameter
determination (except for the viscosity parameters since the model is only elastoplastic) uses λ and κ instead
of λ∗ and κ∗. After all parameters are determined and the mechanical model is used for the model validation,
the values for λ∗ and κ∗ will be given.

• Elastoplastic parameters

Mc Value of stress ratio q/p at critical state in compression
cM Me/Mc

λ Slope of compression line in ν-ln(p’) plane
κ Slope of rebound line in ν-ln(p’) plane
ν Poisson’s ratio
N Shape of the yield surface (1)
x Saturation limit of anisotropy under constant stress ratio
C Rate of evolution of anisotropy
kf Shape of the yield surface (2)
kg Shape of the plastic potential (always equal to 2.0)

• Initial state variables

ε0 Initial strain
σ0 Initial total stress
α0 Initial rotation of plastic potential
β0 Initial rotation of yield surface
p∗c,0 Initial mean preconsolidation pressure
e0 Initial void ratio

• Unsaturated parameters

b1, b2 Loading collapse parameters
Sr,aev Degree of saturation at air entry value
Sr,res Residual degree of saturation
a, n,m, α Fitting parameters SWRC

• Viscosity parameters

µ Fluidity parameter
Nφ Strain rate coefficient

The hydromechanical model is capable of including the drying process to the desired suction before sampling
as is done in the sample preparation. Because of this, the state variables will be determined twice. Once before
drying (the initial state) and once after drying which is right before loading. The state variables before loading
are required to initialise the mechanical model which is used in the model validation. After all parameters are
determined using the hydromechanical driver, this driver will be used to simulate only the drying process in
order to obtain the state variables before loading (after drying) as well.
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5.4.1 EP parameters

First of all, the elastoplastic parameters are determined. To do this, use is made of the PhD thesis of Gasparre
(2005) who performed extensive laboratory testing on London clay. The following parameters were determined.

• Mc = 0.85 (taken from figure 7.11)

• λ = 0.168 (taken from table 7.1)

• κ = 0.064 (taken from table 7.1)

• φ′cv = 21.3°(given on page 234)

Note that the brackets indicate where in the PhD thesis the parameter values are taken from. These references
do not refer to figures, tables or pages in this thesis.
For the sake of simplicity, cM is assumed to be 1. Collins and Yu (1996) report a value of 0.3 for the Poisson’s
ratio.

This leaves N, x, C and kf to be determined. N and x are calculated following Dafalias et al. (2006) resulting
in 1.27 and 1.84 respectively. Experience has shown that in general N is lower than Mc though so as a first
attempt it will be set equal to Mc. C and kf are set to 4 and 2.0 initially respectively and will be changed if
the results require them to.

5.4.2 Initial state variables

Since the samples are consolidated at a vertical stress of 80 kPa as is mentioned in section 5.2, the mean
preconsolidation pressure can be determined by usingK0. Because the samples are reconstituted and afterwards
consolidated, the samples are normally consolidated at the end of the consolidation stage and therefore Jaky’s
relationship (equation (3)) can be used to calculate K0. As shown above, Gasparre (2005) gives 21.3° for φ′cv.
This leads to K0 = 0.64 and with it p∗c,0 = 61 kPa. The initial void ratio is given by Rezania et al. (2020) as
0.93. Just like in section 4.4.2, it is assumed that the initial strain (ε0) is zero and that after the unloading
post consolidation a small stress is still present leading to σ0 = 5.0 kPa isotropic. The initial stress is assumed
to be equal to 11.0 kPa isotropic for the saturated sample since that is the stress level at which the void ratio
is normalised in figure 57.

The initial rotation is determined as ηk/x as explained by Dafalias (1987). ηk is calculated as 3(1−K0)
1+2K0

and with
K0 known this becomes 1.47. With x equal to 1.84, the initial rotation becomes 0.26. The hydromechanical
driver is formulated in triaxial space so the initial rotation is stated as a scalar. Again, α0 is assumed to be
equal to β0.

Table 13: Initial state variables - London clay.

Variable Unit Value

ε0 [-] [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0

1 [kPa] [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] 0.26
β0 [-] 0.26
p∗c,0 [kPa] 61.0
e0 [-] 0.93

1 The saturated sample started at an isotropic pressure of
11 kPa, all unsaturated samples at 5 kPa.

The required suction is obtained by setting the air pressure as 0 relative to the atmospheric pressure and
changing the water pressure to become negative equal to the desired suction.
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5.4.3 Unsaturated parameters

The unsaturated parameters belong to the loading collapse rule (b1 and b2) and the Soil Water Retention
Curve (Sr,aev, Sr,res, a, n, m and α). The parameters belonging to the SWRC will be determined first.
Rezania et al. (2020) reports the following SWRC for London clay. Only the drying path is analysed since the
samples are prepared by drying them from a saturated state.

Figure 60: Soil Water Retention Curve determined for the main drying path of London clay (Rezania et al.,
2020).

It has to be noted that the SWRC above is reported in gravimetric water content vs suction. The equation
for the SWRC that is used in this work (Van Genuchten’s SWRC) relates degree of saturation to suction
(equation (43)). Therefore, the following relationship needs to be used to convert degree of saturation to
gravimetric water content.

w ∗Gs = Sr ∗ e (44)

In the equation above, Gs is the specific gravity which Rezania et al. (2020) reports to be 2.67. In order
to calibrate the SWRC parameters (a, n, m and α), trial runs need to be executed. Starting values for
the parameters are taken from Romero and Jommi (2008) and a sensitivity analysis was performed which is
reported in appendix A.4.1. With this, it was found that using a = 1e6 kPa, n = 4.5, m = 0.05 and α =
0.0036 kPa−1 resulted in a good fit to the experimental SWRC as is shown below.

Figure 61: Fitted SWRC to the experimentally obtained one.

62



5 UNSATURATED CONDITIONS 5.4 Parameter determination

Using the fitted SWRC parameters, the degree of saturation at the air entry value (AEV) and the residual
degree of saturation can be determined. Figure 60 shows that the air entry value is at a suction of 260 kPa
(the axis translation technique introduced an error causing it to give a different AEV (Bagheri et al., 2020)),
at this suction the degree of saturation is 0.97 (Sr,aev). It is assumed that the residual degree of saturation
can be taken at a suction value of 1e5 kPa. At this value, the degree of saturation is 0.23 (Sr,es).

The other parameters belonging to the unsaturated part of the model are b1 and b2 and are relevant for the
loading collapse rule (equation (41)). The loading collapse rule governs the expansion of the yield surface
due to desaturation. Therefore, the values for b1 and b2 can be determined by comparing experimental mean
preconsolidation values to the numerically predicted ones. The moment at which this comparison will be made
is after the drying stage since before the drying stage the samples are saturated so b1 and b2 do not affect the
results and during the loading stage they need to be known already in order to simulate the tests.
Unfortunately, the experimental preconsolidation pressures are not given by Rezania et al. (2020). Because
of this, a possible range of values needs to be determined based on the information that is presented by the
authors. Using the average soil skeleton stress approach, there are two contributions to the average stress.
The first one is the net stress and the second one is the influence of the suction. How these contributions are
determined is explained in detail below.

The first step in defining the experimental preconsolidation pressure is by looking at the net preconsolidation
stress which can be found by using the loading/unloading data. Shown below is the test result for the sample
with an initial suction of 513 kPa. As can be seen, two lines are drawn, the first one is parallel to the stiff
branch of the data (this branch is assumed to be in the elastic domain) and another one parallel to the plastic
domain of the deformation graph. The preconsolidation pressure can be estimated by the value at the point
where the two lines intersect.

Figure 62: Determination of σv,net,c for the sample with an initial suction of 513 kPa.

There are two things that need to be noted from the figure above. The first one is that the net vertical
preconsolidation stress is determined. Because after drying the soil is in an isotropic stress state, the vertical
stress is equal to the mean stress so therefore no corrections need to be made.
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The second point is that in the figure above, the y-axis is not normalised whereas the original data in
figure 57 was presented on a normalised scale. The reason why this is done is because on a normalised
scale, the procedure performed above cannot be done. The non-normalisation is done by multiplying the
vertical axis with the void ratio after drying. This void ratio is obtained by simulating a drying analysis in the
hydromechanical driver. For this drying analysis b1 and b2 were assumed to be 0.11 and 8.2 respectively as was
found in Romero and Jommi (2008). Due to a lack of better options no better guess for the parameters could
be used. The process explained above is repeated for all samples. As has been stated in section 5.3.1, samples
were tested at initial suction values of 326, 433, 513, 1405 and 1907 kPa. The vertical net preconsolidation
pressures that were found for each of these samples are reported below. For the sake of completeness, the
obtained initial void ratios after drying (before loading) used in the non-normalising of the y-axes are reported
as well.

Table 14: Experimental net vertical preconsolidation stresses.

Initial suction [kPa]

Variable Unit 326 433 513 1405 1907

e0 (Before loading) [-] 0.53 0.50 0.48 0.36 0.33
σv,net,c [kPa] 246 240 172 120 128

The second contribution the the preconsolidation pressure is the role of suction. Rezania et al. (2020) reports
the suction values at each load throughout the loading/unloading tests so with the vertical net preconsolidation
pressure known, the corresponding suction value can be determined. Shown below is the suction vs load graph
for the sample with an initial suction of 513 kPa.

Figure 63: Suction development vs the applied load. Note that since ua is zero at all times, σv is equal to
σv,net (Rezania et al., 2020).

It can be seen that at the determined σv,net,c of 172 kPa, the suction is about 500 kPa. Using the calibrated
SWRC from the start of this subchapter, the degree of saturation can be determined corresponding to this
suction level. Doing so gives a degree of saturation of 0.872 and therefore the role of suction (known as Srs)
can be calculated to be 500*0.872 = 436 kPa. Together with the net preconsolidation pressure of 172 kPa,
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the average soil skeleton mean preconsolidation pressure is determined to be 608 kPa. This procedure is again
repeated for all samples and the results are presented in the table below. Note that for the sample with s0 =
1907 kPa, Rezania et al. (2020) did not report the value of suction during the tests so this procedure could
not be done for this sample.

Table 15: Determination of experimental preconsolidation pressure. Note that
after drying the stress state is isotropic so σv = p.

Initial suction [kPa]

Variable Unit 326 433 513 1405 1907

e0 (Before loading) [-] 0.53 0.50 0.48 0.36 0.33
σv,net,c [kPa] 246 240 172 120 128
suc at σv,net,c [kPa] 275 388 500 1260 N/A1

Sr at σv,net,c [-] 0.967 0.918 0.872 0.710 N/A1

p̂c - Using suction at σv,net,c [kPa] 511 596 608 1015 N/A1

1 N/A = Not Available

In order to obtain a range of possible experimental preconsolidation pressures and because the steps above
could not be performed for the sample with s0 = 1907 kPa, an additional way of determining the role of suction
needed to be used. This second method is by assuming either drained or undrained conditions and calculating
relevant values of suction and degree of saturation correspondingly. Rezania et al. (2020) report that their
tests are performed at constant water content which would lead to the assumption that the tests are performed
undrained. However, looking at figure 63, it can be seen that the suction change is relatively small for a large
range of σv,net. If the tests were performed perfectly undrained, it would be expected that the suction would
drop to values closer to zero as the sample deformed and the degree of saturation increased towards one. Next
to this, the hydromechanical driver was used to predict the deformation behaviour governing the provided
suction throughout the test using a preliminary set of parameters. This prediction was compared to the one
using a drained and undrained analysis and it was found that the results are much closer to a drained analysis
than an undrained one. Because of this, it is likely that during the tests some drainage was allowed and
therefore the tests are partially drained behaviour. This finding will be touched on later in this chapter as
well to confirm the choice of a drained approach.
In a drained analysis, the suction is constant throughout the test. With this known, the contribution of suction
is now determined with the reported initial suction values and their corresponding degrees of saturation.
This way of determining the contribution of suction yields new possible values for the experimental mean
preconsolidation pressure as is reported in table 16 below.

Table 16: Determination of experimental preconsolidation pressure using two methods.

Initial suction [kPa]

Variable Unit 326 433 513 1405 1907

e0 (Before loading) [-] 0.53 0.50 0.48 0.36 0.33
σv,net,c [kPa] 246 240 172 120 128
Sr,0 [-] 0.945 0.899 0.868 0.693 0.646
s0 [kPa] 326 433 513 1405 1907
p̂c [kPa] 554 629 617 1094 1361

Using section 5.4.3 and table 16, a range of experimental average mean preconsolidation pressures is obtained.
With this known, numerical prediction can be generated of which the output can be compared to the
experimental results. Numerical predictions are obtained using three sets of b1 and b2, these are 4.0/2.0,
2.0/1.0 and 1.0/0.5 respectively. The results of these analyses and the obtained experimental window are
presented below.
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Figure 64: Numerical vs experimental preconsolidation pressure with suction for three sets of b1 and b2.

It can be seen that no set of b1 and b2 matches the experimental data accurately. The set using b1 = 4.0
and b2 = 2.0 is the closest to the experimental window and therefore these values will be selected as a first
approximation.

With all parameters are known, the loading/unloading tests can be simulated. As has been stated before, this
is only done using the hydromechanical driver since this driver can simulate the drying process. Because of
this, the initial values for the state variables are the ones before drying which are known rather accurately.
The results for the saturated sample and the samples with s0 = 513 and 1907 kPa are shown below using
drained analyses. For the sample with s0 = 513 kPa, an additional analysis is performed where at each loading
step the suction is governed following figure 63.

(a) Saturated sample.
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(b) s0 = 513 kPa.

(c) s0 = 1907 kPa.

Figure 65: Deformation behaviour predicted using a drained analysis in the hydromechanical driver.

There are three main conclusions that can be drawn from the three figures above. The first one is that a
drained analysis is very close to the analysis where the suction is governed throughout the test. Because of
this, it is concluded that it is better to perform drained analyses rather than undrained ones.

The second one is that the value of κ is not correct. Looking at the figure belonging to the saturated sample
(figure 65a), it can be seen that the initial model response shows too much deformation and that during
unloading the model predicts too little rebound. Since κ governs both slopes, it can only be tuned to match
one of the branches accurately. It is decided to focus on the initial response of the soil rather than the
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unloading response and therefore κ is lowered to a value of 0.040.

The final takeaway is that for the unsaturated samples, the assumption that the initial response of the soil is
elastic does not fit the material response properly. Figure 65b shows that the initial slope of the numerical
output is a lot smaller than the experimental data. Only after the plastic domain is entered does the numerical
output match the experimental data better. Looking at the followed stress path shown below, it can be seen
that due to the high b1 and b2, the yield surface is pushed out at a high rate during drying causing the stress
state to be inside the yield surface at the end of drying.

Figure 66: Full stress path including drying - s0 = 513 kPa.

Instead, it could be the case that the sample touched the yield surface earlier than expected by looking at the
experimental data. If the stress point is on the yield surface at the end of drying instead of in it and therefore
the full loading part of the test is in the plastic domain, the experimentally observed behaviour can still be
explained. It can be seen that the experimental data during loading has roughly two branches, the first one
shows relatively stiff behaviour (this part was assumed to be elastic initially) and the second branch is much
steeper and is clearly in the plastic domain (figure 65b). The initial stiff response can be allocated to the fact
that the soil after drying is in an isotropic stress state and upon loading it transitions to a K0 stress state.
During this transition, the mean stress does not increase as much which can explain less deformation at an
increase of the vertical stress. Figure 66 shows that when the soil reaches the plastic domain, the slope of the
stress path during transition to the K0 line is a lot steeper than the slope of the stress path after this line
has been reached. This argumentation can explain the initial stiff response as an alternative to the originally
assumed elastic branch.
Another argument for this reasoning is that Rezania et al. (2020) only speak of a compression index and a
swelling index but not of a reloading index (figure 58). If indeed the loading part of the test is completely
in the plastic domain, there is no reloading branch and the only elastic part of the test is the unloading part
during which the soil swells.

An important consequence of this is that the way the experimental preconsolidation pressure was determined is
incorrect. The procedure performed in figure 62 determining σv,net,c cannot be done since a line alongside the
elastic domain cannot be drawn. A consequence of this is that determining the suction at σv,net,c using figure 63
cannot be done since σv,net,c cannot be determined. Shown below is an updated version of figure 64 where
the experimental average mean preconsolidation pressure is now only determined using a drained approach.
Next to this, the contribution of σv,net,c has been removed leaving only the influence of suction and degree of
saturation to determine p̂c.
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Figure 67: Updated numerical vs experimental preconsolidation pressure with suction for three sets of b1 and
b2.

It can be seen that the experimental domain is now a line since only one way of determining the preconsolidation
pressure was used. It can also be seen that with the updated values, the numerical preconsolidation pressure
matches the experimental one for low values of b1 and b2. In the following, the updated version of figures 65a
to 65c are reported with κ = 0.040, b1 = 1.0 and b2 = 0.5.

(a) Saturated sample.
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(b) s0 = 513 kPa.

(c) s0 = 1907 kPa.

Figure 68: Updated deformation behaviour predicted using a drained analysis.

It can be seen that the fit for the saturated sample and the sample with s0 = 513 improved significantly. The
high suction sample still does not have a good fit but possible reasons for this will be addressed later. Because
of this, the elastoplastic and unsaturated parameters are deemed to be calibrated.
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5.4.4 State variables after drying

As was stated before, in order to use the model version implemented in the mechanical driver, the state
variables need to be known before the loading part of the test. These are obtained by performing a drying
analysis with the hydromechanical driver using the calibrated parameters above. The results are reported in
the table below. To keep the table organised, only the principle strains and stresses are reported, all shear
values are zero. This time around the suction values are shown in the rows, this is because otherwise it was
not possible to fit the table properly to the page.

Table 17: Initial state variables before loading (after drying) - London clay.

Variable

Initial suction [kPa] ε0 σ0 [kPa] p∗c,0 [kPa] α0 e0

Saturated [0.0, 0.0, 0.0] [11.0, 11.0, 11.0] 61.0 0.26 0.93
326 [0.064, 0.075, 0.075] [5.0, 5.0, 5.0] 308.05 0.0 0.56
433 [0.072, 0.083, 0.083] [5.0, 5.0, 5.0] 376.83 0.0 0.52
513 [0.076, 0.087, 0.087] [5.0, 5.0, 5.0] 422.00 0.0 0.50
1405 [0.105, 0.116, 0.116] [5.0, 5.0, 5.0] 835.92 0.0 0.38
1907 [0.114, 0.125, 0.125] [5.0, 5.0, 5.0] 1034.68 0.0 0.34

5.4.5 Viscosity parameters

There are two viscosity parameters of which the values need to be determined. These are µ ([s−1], fluidity
parameter) and Nφ ([-], strain rate coefficient). Their values are determined through a sensitivity analysis
which is given in appendix A.2.2. The sample that is tested is a saturated sample with σvm = 355 kPa.
The reason for this is that using a saturated sample, the viscosity parameters can be determined without any
potential influence of suction, the sample with σvm = 355 kPa is chosen since it is the median load level and
therefore deemed most representative. It is found that the best fit is obtained for µ = 1e-8 s−1 and Nφ = 13.
The result with these parameters is shown below. Note that in this case the unsaturated EVP mechanical
driver is used with all parameter values as determined above.

Figure 69: Best fitted viscosity parameter London clay - experimental data from Rezania et al. (2020).
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In the figure above, the results are presented on a non-normalised y-axis whereas in the original data (figure 59),
the results are presented on a normalised y-axis. Because of this, the original vertical axis only ranges from
0.968 to 1.000 which is an extremely small range. The model prediction will never be perfect and any
deviation from the experimental data will look exaggerated on such a small axis. On the non-normalised axis
shown above, it is possible to assess the model behaviour qualitatively. As was stated in section 5.3.2, the
normalisation is done by multiplying the experimental data with ep which is the void ratio 24 hours after
consolidation. Its value is taken from the numerical outcome since the researchers did not provide the values
and therefore there are no better options than to take it from the model output.

5.4.6 Overview parameters

Shown below is an overview of the parameters used in both drivers. Note that in the mechanical driver, λ∗

and κ∗ are used. Because the initial void ratio changes between samples, these values changes even though
the original λ and κ are constant throughout the test.

Table 18: Overview elastoplastic parameters including λ and κ - London clay.

Parameter Unit Value

Mc [-] 0.85
cM [-] 1.0
λ [-] 0.168
κ [-] 0.040
ν [-] 0.3
N [-] 0.85
x [-] 1.84
C [-] 4.0
kf [-] 2.0
kg [-] 2.0
α [kPa−1] 0.0036
n [-] 4.5
m [-] 0.05
a [kPa] 1e6
b1 [-] 1.0
b2 [-] 0.5
Sr,aev [-] 0.97
Sr,res [-] 0.23

Table 19: Overview viscosity parameters - London clay.

Parameter Unit Value

µ [s−1] 1e-8
Nφ [-] 13
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Table 20: Overview initial state variables - London clay.

Variable Unit Value

ε0 [-] [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0

1 [kPa] [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] 0.26
β0 [-] 0.26
p∗c,0 [kPa] 61.0
e0 [-] 0.93

1 The saturated sample started at an isotropic pressure of
11 kPa, all unsaturated samples at 5 kPa.

Table 21: Overview state variables after drying - London clay.

Variable

Initial suction [kPa] ε0 σ0 [kPa] p∗c,0 [kPa] α0 β0 e0

Saturated [0.0, 0.0, 0.0] [11.0, 11.0, 11.0] 61.0 0.26 0.26 0.93
326 [0.064, 0.075, 0.075] [5.0, 5.0, 5.0] 308.05 0.0 0.0 0.56
433 [0.072, 0.083, 0.083] [5.0, 5.0, 5.0] 376.83 0.0 0.0 0.52
513 [0.076, 0.087, 0.087] [5.0, 5.0, 5.0] 422.00 0.0 0.0 0.50
1405 [0.105, 0.116, 0.116] [5.0, 5.0, 5.0] 835.92 0.0 0.0 0.38
1907 [0.114, 0.125, 0.125] [5.0, 5.0, 5.0] 1034.68 0.0 0.0 0.34

As has been stated above, λ∗ and κ∗ change for each sample due to the different initial void ratio (table 21).
As a reminder, λ∗ and κ∗ are obtained from the original λ and κ by dividing by 1 + e0. This gives the following
parameter values. Note that all other parameters remain the same when used in the mechanical driver and
are therefore not repeated again.

Table 22: Overview λ∗ and κ∗ values for each sample - London clay.

Initial suction [kPa]

Variable Saturated 326 433 513 1405 1907

e0 (repeated) 0.93 0.56 0.52 0.50 0.38 0.34
λ∗ 0.087 0.108 0.111 0.112 0.122 0.125
κ∗ 0.021 0.026 0.026 0.027 0.029 0.030
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5.5 Model validation

With all parameters are known, model runs can be executed and the numerical output can be compared to
the experimental data to help validate the model. First, the unsaturated elastoplastic model will be validated
after which the unsaturated elasto viscoplastic model is assessed. Throughout the model validation, only the
mechanical driver is used as was done in the previous chapter as well. For the elastoplastic model version, the
hydromechanical driver is available as well. A comparison between the results of both drivers can be found
in appendix B which shows they predict very similar deformation plots leading to the conclusions that the
mechanical driver can be used to model the loading/unloading tests and that it is correct to run the analyses
drained instead of undrained.

5.5.1 EP model

As has been explained in section 5.3.1, loading/unloading tests are performed where both the loading and
unloading were done in multiple steps of 24 hours each. These tests were performed on a saturated sample and
6 unsaturated samples of which 1 was deemed unrealistic due to its extremely high suction of 21000 kPa. This
means that in total 6 tests are used in the model validation. Shown below are the results for all six samples.

(a) Saturated sample.
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(b) s0 = 326 kPa.

(c) s0 = 433 kPa.
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(d) s0 = 513 kPa.

(e) s0 = 1405 kPa.
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(f) s0 = 1907 kPa.

Figure 70: Deformation behaviour predicted by the mechanical driver.

The results show that up until a suction of 513 kPa, the model prediction is satisfactory. The deformation
during loading is slightly overpredicted for the saturated sample and slightly underpredicted for the unsaturated
samples. The unloading branches are also not followed accurately but the problem that is being faced is that
if κ were to be increased to match the unloading behaviour better, then the reloading branch of the saturated
sample would be overpredicted leading to a wrong model prediction as was already shown in section 5.4.3.

For samples with a higher initial suction, the model predictions are worse. Not only is the deformation at the
maximum load heavily underpredicted, the slopes of the unloading lines are incorrect and the deformation
during the transition from an isotropic stress state to a K0 one is almost none.

There are several reasons why the results become worse at higher suction. The most obvious cause is the Soil
Water Retention Curve. There are two problems with the SWRC that can affect the model results. The first
one is that the SWRC reported by Rezania et al. (2020) is given as gravimetric water content vs suction. In
order to translate the gravimetric water content to degree of saturation equation (44) is used. The inherent
problem with using this equation is that a constant void ratio is assumed. As the suction increases the sample
deforms and the void ratio decreases introducing an error. Of course, as the suction increases, the sample
deforms more and this error increases as well.
Another problem with the SWRC is that it is determined using two methods (Axis translation and through
the High Capacity Tensiometers) as can be seen in figure 60. The two methods start deviating in SWRC
prediction at around 600 kPa suction and the first method does not measure beyond 1000 kPa suction. This
introduces uncertainty in the SWRC above 600 kPa and definitely above 1000 kPa.

Other potential causes for the worse results at higher suctions are the uncertainty in initial void ratio and
the sampling technique. The initial void ratio is determined using a drying analysis in the hydromechanical
driver but this drying analysis might give slightly different results than what the researchers measured in their
work. If the initial void ratio is smaller, deviations to the value matter a lot more relatively. For example, a
difference of 0.01 in initial void ratio is more significant if the initial void ratio is 0.34 than when the initial
void ratio is 0.58.
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The sampling technique is the final cause which can explain the worse results at high suctions. The samples
were first prepared in blocks and then dried before an oedometer ring was penetrated to obtain the actual
samples. As the suction increases, the block from which the sample is taken from is drier and therefore
harder to sample from. It could be the case that during sampling disturbances to the soil structure were
introduced which might result in a higher deformation measured. The numerical model does not contain any
destructuration effects and would not be able to predict this.
There is no proof for either of these final causes but they serve as reasoning as to why the results turned out
the way they did.

Since the results for suctions of 1400 kPa or higher are no longer accurate and below this value the results
were found to be accurate, the model is deemed to be validated for suctions up to 1 MPa. For higher suctions
the model performance is worse and results at high suction values need to be treated with care.

5.5.2 EVP model

Section 5.3.2 explained the unsaturated creep tests that were performed by Rezania et al. (2020). In this
section, the calibrated model output will be compared to the experimental data. In figure 59, Rezania et al.
(2020) present their results in five graphs. Each graphs contains the model output for all of the samples that
are loaded to the same σvm. In this section, the results are presented in a slightly different way. Shown below
are three graphs with each graph showing the creep deformation behaviour for samples with the same suction.
Initially only the saturated sample and the samples with suction of 513 and 1405 kPa are presented. The
reason for this is that for the initial results it is enough to only look at a part of the model performance to
assess if adaptations need to be made. In selecting these samples, the saturated performance is covered and a
low and a high suction sample are selected. Next to this, one of the samples with 513 kPa suction is tested at
the lowest load (σvm = 178 kPa) and one of the 1405 kPa suction samples is tested at the highest load (σvm
= 666 kPa).

Again, the data is presented on a non-normalised y-axis as is done in section 5.4.5. Using this axis it is
possible to assess the model performance qualitatively.

(a) Saturated sample.

78



5 UNSATURATED CONDITIONS 5.5 Model validation

(b) s0 = 513 kPa.

(c) s0 = 1405 kPa.

Figure 71: Creep deformation behaviour predicted by the mechanical driver.
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The results show that the model predicts the creep behaviour to occur too quickly. This deviation from the
experimental data increases as the suction increases. Because of this, it is decided to make an adaptation to
the model. More precisely, a new version of the viscous nucleus is proposed. A literature review was performed
to see if a suction dependent viscous nucleus has been used before but no research was found. It is therefore
to the best of the author’s knowledge that the proposed change is a new contribution to research. The new
version of the viscous nucleus is shown below.

Φ(f) = 〈exp(Nφ ∗ (
p̂dc
p̂sc
− 1))− 1〉 ∗

(
sref
svisc

)nsuc

(45)

where,

svisc =

{
s for s > sref

sref for s < sref

A point worth noting is that the preconsolidation pressure and the size of the DLS are now both their
unsaturated variants denoted with a hat. The unsaturated preconsolidation pressure is determined by multiplying
the saturated one with the loading collapse rule (equation (41)). The size of the DLS on the other (p̂dc) is also
denoted with a hat even though this value is not obtained through the loading collapse rule. Instead, the DLS
always goes through the stress point and since the stresses are now expressed with the average soil skeleton
stress, the DLS which goes through this stress point is also denoted with a hat.

The change with comparison to the old viscous nucleus (equation (32)) is the final, suction dependent, term.
Adding this term causes the viscous nucleus to be smaller due to the influence of suction and therefore slow
down the creep strains. Since it is inversely related to the suction, the decrease in creep strain rate is higher
at higher suctions which is what is needed according to the results presented above. The newly introduced
parameters sref and nsuc are calibrated by executing trial runs. Because a change like this has not been done
before, reference literature for potential starting values for sref and nsuc is not available and therefore trial
and error is the only option to determine their values. This process is aided by a sensitivity analysis performed
in appendix A.4.2.

With these changes, new results are obtained which are shown below.

(a) Saturated sample.
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(b) s0 = 326 kPa.

(c) s0 = 433 kPa.
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(d) s0 = 513 kPa.

(e) s0 = 1405 kPa.
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(f) s0 = 1907 kPa.

Figure 72: Creep deformation behaviour predicted by the mechanical driver using the updated viscous nucleus.

The results show that with the updated viscous nucleus, the results improve significantly. The creep deformation
prediction is now accurate and the model no longer predicts the creep deformation to occur too quickly. It
can be seen that the model does show some difficulty in predicting the accelerated creep deformation at the
end of the test. This is most clearly seen in figure 72c for the sample with σvm = 666 kPa. As was touched on
in section 5.3.2 this accelerated behaviour is not consistently present throughout the tests and therefore it is
difficult to assess whether it is the real soil behaviour or if it could be caused by randomness in the sampling.
Rezania et al. (2020) only tested one sample for each combination of suction and load which makes it difficult
to draw a conclusion on whether or not the accelerated behaviour should be captured by the model.

For each of the samples, a combination of sref and nsuc was selected to obtain the results. Shown below are
the plots of the development of sref and nsuc with suction for each of the different applied σvm.
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Figure 73: Development of sref with suction for each of the applied σvm.

Figure 74: Development of nsuc with suction for each of the applied σvm.
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It can be seen that sref linearly increases with suction and does not differ between applied loads. What this
implies is that the term sref/svisc in the viscous nucleus is a constant fraction as long as the suction is higher
than svisc. nsuc on the other hand decreases with suction, this decrease is roughly linear as well but the slope
of this line and the value of nsuc at zero suction changes as the stress changes.
An important takeaway of the figures above is that there is a potential relationship for both sref and nsuc
with suction and stress. Because of this, it is theoretically be possible to only give one value for sref and nsuc
and then let the model determine the correct value based on the current stress and suction. This potential
relationship is an argument in favour of the model adaptation. If on the other hand the two plots shown
above showed significant scatter it would mean that by changing the parameter values from sample to sample
effectively comes down to curve fitting the model output to the experimental data which is not desired.

Looking at the overall improvement and performance of the model, the unsaturated EVP model is deemed to
be validated and can now be used to produce the final results in order to answer the main research question.
The final results are presented in the next chapter.

5.5.3 Overview final parameters

In this paragraph, the final parameter values are presented. The parameters are almost identical to the
parameters shown in section 5.4.6 with the exception for C. However, for the sakes of overview and completeness,
all parameter values are given here again similar to what was done in the previous chapter.

Table 23: Elastoplastic parameters including λ and κ - London clay - Final values.

Parameter Unit Value

Mc [-] 0.85
cM [-] 1.0
λ [-] 0.168
κ [-] 0.040
ν [-] 0.3
N [-] 0.85
x [-] 1.84
C [-] 0.0
kf [-] 2.0
kg [-] 2.0
α [kPa−1] 0.0036
n [-] 4.5
m [-] 0.05
a [kPa] 1e6
b1 [-] 1.0
b2 [-] 0.5
Sr,aev [-] 0.97
Sr,res [-] 0.23

Table 24: Viscosity parameters - London clay - Final values.

Parameter Unit Value

µ [s−1] 1e-8
Nφ [-] 13

85



5 UNSATURATED CONDITIONS 5.6 Conclusions

Table 25: Initial state variables - London clay - Final values.

Variable Unit Value

ε0 [-] [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0

1 [kPa] [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] 0.26
β0 [-] 0.26
p∗c,0 [kPa] 61.0
e0 [-] 0.93

1 The saturated sample started at an isotropic pressure of
11 kPa, all unsaturated samples at 5 kPa.

Table 26: State variables after drying - London clay - Final values.

Variable

Initial suction [kPa] ε0 σ0 [kPa] p∗c,0 [kPa] α0 β0 e0

Saturated [0.0, 0.0, 0.0] [11.0, 11.0, 11.0] 61.0 0.26 0.26 0.93
326 [0.064, 0.075, 0.075] [5.0, 5.0, 5.0] 308.05 0.0 0.0 0.56
433 [0.072, 0.083, 0.083] [5.0, 5.0, 5.0] 376.83 0.0 0.0 0.52
513 [0.076, 0.087, 0.087] [5.0, 5.0, 5.0] 422.00 0.0 0.0 0.50
1405 [0.105, 0.116, 0.116] [5.0, 5.0, 5.0] 835.92 0.0 0.0 0.38
1907 [0.114, 0.125, 0.125] [5.0, 5.0, 5.0] 1034.68 0.0 0.0 0.34

Note that the desired suction is obtained by setting the water pressure to the negative value of the suction.

Table 27: λ∗ and κ∗ values for each sample - Used in the mechanical driver - London clay - Final values.

Initial suction [kPa]

Variable Saturated 326 433 513 1405 1907

e0 (repeated) 0.93 0.56 0.52 0.50 0.38 0.34
λ∗ 0.087 0.108 0.111 0.112 0.122 0.125
κ∗ 0.021 0.026 0.026 0.027 0.029 0.030

5.6 Conclusions

From sections 5.5.1 and 5.5.2 it can be concluded that the implementation of the unsaturated conditions
is done correctly in the mechanical driver. For the elastoplastic model, difficulties with uncertainty in the
experimental data limited a full assessment of the model performance especially at higher suctions but for
suction up to 513 kPa the model worked accurately. In developing the elasto viscoplastic model, it was found
that the viscous nucleus needed to be made suction dependent. A literature review showed that this has not
been done before so therefore this part of the work can definitely be seen as a contribution to research. With
a suction dependent viscous nucleus, the model was able to predict creep deformation accurately after which
it was concluded that the unsaturated elasto viscoplastic model performs satisfactory and is therefore deemed
to be validated.
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6 Results

In this section, the results required to answer the main research question are presented. The results are split
in three subsections. The first two focus on the K0 development over time using anisotropic and isotropic
approaches respectively. The final part presents the development of the apparent preconsolidation pressure
with time.

6.1 Anisotropic K0 development

In order to be able to answer the main research question. K0 vs time plots are required at different suction
levels. This is needed because using these plots, the time dependency of K0 can be addressed to draw
conclusions on the development during creep. The runs are required at different suction levels as well to be
able to see if the change in K0 with suction is in agreement with what was found in the literature study.

The required plots are obtained from the unsaturated EVP model. It was unfortunately not possible to
perform unsaturated lab tests since the required testing equipment was not ready to be used. Therefore, the
already validated unsaturated EVP results from the previous chapter are used and presented in a different
way to obtain the required plots as explained above. In the previous chapter, the creep deformation over time
was analysed by comparing the model results to experimental data published by Rezania et al. (2020). The
model output included the values of all state variables throughout the test. This means that next to the void
ratio, all the stresses are available as well which means that K0 can be determined. Because the deformation
behaviour predicted by the model was checked and validated using the experimental data, it can be assumed
that the stress prediction of the model is in line with what could be found experimentally. Therefore, the
results from figures 72a to 72f are used again but this time plotted as K0 vs time.

Shown below are all the results, they are presented in graphs where in each graph the samples are given that
are loaded to the same σvm and have different suction values. The reason for this is that in doing so, the
behaviour with time can be assessed but the change with suction can also be seen directly. Interpretation of
the results will follow in the next chapter.

(a) σvm = 178 kPa.
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(b) σvm = 222 kPa.

(c) σvm = 355 kPa.
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(d) σvm = 444 kPa.

(e) σvm = 666 kPa.

Figure 75: K0 development over time.
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The results are less straightforward than expected. Depending on the combination of total stress and suction,
different trends are predicted. All saturated samples show a small increase of K0 with time but this increase
is in the order of 1% only and is therefore not clearly visible in the figures above. For low loads (178 and 222
kPa) there is a monotonic decrease when the samples become desaturated. Figure 75c shows that at a higher
load (σvm = 355 kPa) the value of K0 increases initially at moderate suctions (326, 433 and 513 kPa). For
the higher suction value of 1405 kPa a monotonic decrease is still observed. The lowest suction level of 326
kPa shows that after the initial increase, a decrease is observed.
This initial increase followed by a decrease is also present in figure 75d. In order to see what happens as time
increases, model runs were performed where a very long (>100 years duration) creep test was simulated for
the samples with σvm = 444 kPa. The results of this simulation are shown below with the long duration runs
indicated with dotted lines.

Figure 76: K0 development over time - Long duration test - σvm = 444 kPa.

It can be seen that the decrease continues until the yield surface reaches the stress point and a change in K0

is no longer observed. For the sample with s0 = 1405 kPa a monotonic decrease is found.

90



6 RESULTS 6.2 Isotropic K0 development

6.2 Isotropic K0 development

In order to answer subquestion 4 focused on the influence of anisotropy, it is required to isolate what the
contribution of anisotropy is to the obtained results. To analyse this, the parameter accounting for the rate
of evolution of anisotropy (C) is set to 0. Together with no initial rotation (which was found at the end of the
drying stage), the tests are redone following a completely isotropic approach. The results of these simulations
are shown below, in the figures, the original results obtained by the anisotropic approach are indicated with
a dashed line.

(a) σvm = 178 kPa.

(b) σvm = 222 kPa.
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(c) σvm = 355 kPa.

(d) σvm = 444 kPa.
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(e) σvm = 666 kPa.

Figure 77: K0 development over time - Isotropic approach.

The results show a different trend which will be analysed more in depth in the next chapter. Shown below
is again a model simulation with a duration of more than 100 years to show the long term trend of the K0

prediction. The long duration simulations are indicated by a dotted and dash-dotted line for the anisotropic
and isotropic approaches respectively.

Figure 78: K0 development over time - Isotropic approach - Long duration test - σvm = 444 kPa.
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Turning anisotropy off in the model changed the deformation prediction slightly. Because the creep deformation
data is the only experimental data available, it was made sure that the model without anisotropy also
matched this data well. In order to get a good correspondence between experimental data and isotropic
model prediction, the values of nsuc needed to be changed slightly. The new deformation plots are not
presented again since they are very similar to the plots shown in the previous chapter. The updated nsuc vs
suction graph is presented below. Again, the dashed lines indicate the previously found values when using the
anisotropic approach.

Figure 79: Development of nsuc with suction for each of the applied σvm - Solid lines indicate the isotropic
approach, dashed lines the anisotropic one.

The values of sref remained the same for all samples so therefore figure 73 did not change.
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6.3 p̂c development

In order to get a full assessment of the soil stress state, the development of the preconsolidation pressure
needs to be known. Using the same model runs as in the previous section, the change of p̂c with time is
now presented. All titles are labeled apparent preconsolidation pressure, this is because the preconsolidation
pressure changes even though no change in the soil stress state is imposed (Leonards & Altschaeffl, 1964).
Again, the anisotropic results are presented using dashed lines and the isotropic results using solid lines.

(a) σvm = 178 kPa.

(b) σvm = 222 kPa.
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(c) σvm = 355 kPa.

(d) σvm = 444 kPa.
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(e) σvm = 666 kPa.

Figure 80: p̂c development over time.

Next to the results presented above, the change of p̂c over the long duration simulation presented in figure 78
is available as well. These results are presented below, the notation is the same as in figure 78.

Figure 81: p̂c development over time - long duration.

It can be seen that, regarding the change in apparent preconsolidation pressure, almost no difference is found
between an anisotropic and isotropic approach.

In the next chapter, all the presented results are discussed to interpret what can be taken away from them,
where the model difficulties lie and what the practical relevance of the findings is.
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7 Discussion

In this chapter, the obtained results are discussed. The focus is on the most recently acquired results showing
the change in K0 over time at different suctions but the earlier presented results in the model validation
sections are touched on as well. The performance of the different model versions and their difficulties have
already been discussed in their respective sections though so therefore they are not treated in full detail again.
Other points which are discussed are the role of anisotropy, the newly introduced model parameters, the
suction range in which the model works accurately and the practical relevance of the findings.

7.1 Stress state changes over time at different suctions

In the previous section, the prediction of K0 with time for samples with different suctions was presented.
Since no experimental data is available, no conclusions can be drawn on the accuracy of the model prediction.
However, this does not mean that the results cannot be discussed. From the literature study it is known that
for saturated samples in general K0 increases with time and for unsaturated samples it decreases with suction.
Looking at the results, it can be seen that using the anisotropic approach, an increase with time is only found
for samples with a low to moderate suction or a high applied load (figure 75e). This initial increase however
was followed by a decrease later on which continued until the yield surface reached the stress point as is shown
in figure 76. For low loads and high suctions, a monotonic decrease with time was found (figure 75b). Looking
at the value of K0 with suction it can be seen that if the suction increases, the value of K0 is lower which is
in line with what was found in the literature study.

The isotropic approach shows more straightforward behaviour with time. It is still observed that at low loads
and high suctions the value of K0 decreases with time (figure 77b) but the samples that show an increase with
time no longer show a decrease after a certain time. An explanation for this behaviour is found by comparing
the stress paths, shown below are first both the anisotropic and isotropic stress path of the sample with s0 =
326 kPa and σvm = 444 kPa. After this, the individual stress paths are presented with corresponding SYS
and DLS, for these plots, only the first year of the creep response is presented since the biggest changes take
place in this time frame.

Figure 82: Stress paths for the long duration simulation of the sample with s0 = 326 kPa and σvm = 444 kPa.

98



7 DISCUSSION 7.1 Stress state changes over time at different suctions

Figure 83: Stress path for the long duration simulation of the sample with s0 = 326 kPa and σvm = 444 kPa
- anisotropic approach.

Figure 84: Stress path for the long duration simulation of the sample with s0 = 326 kPa and σvm = 444 kPa
- isotropic approach.
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Figure 82 shows that for the anisotropic approach the stress path in p̂-q space first moves towards the bottom
right after which it turns around and moves to the top left. The movement towards the bottom right is
accompanied by an increase in horizontal stress giving an increase of K0. The movement towards the top left
indicates the opposite behaviour (decrease of horizontal stress and thus a decrease of K0). The explanation
for this behaviour is found in figures 83 and 84. It can be seen that due to the rotation of the SYS and with it
the DLS in figure 83, the stress path is forced to change direction. Using the isotropic approach, no rotation
is present and therefore the stress path can continue to move towards the bottom right in p̂− q space.

A direct comparison between the K0 predictions using anisotropic and isotropic approaches was presented in
figure 78. It was found that for the same sample, the value of K0 continues to increase until the yield surface
reaches the stress point using the isotropic approach whereas using the anisotropic approach resulted in a
decrease of K0 with time.

A point worth noting is that in figure 77e, the sample with a suction of 326 kPa reaches a K0 value higher
than the saturated sample. Looking at the figure it is likely that the sample with a suction of 433 kPa will also
reach this. No direct reason can be given to explain why K0 for the unsaturated sample increases more than
the saturated one. Without the presence of experimental data it is not possible to conclude if this observed
behaviour is correct. It is also not possible to conclude whether the anisotropic or the isotropic approach
captures the (qualitative) change of K0 with time accurately.

The final results that were presented showed the change of apparent preconsolidation pressure with time. The
results showed that p̂c increased with time for all samples as was to be expected since the static yield surface
will expend towards the stress point. Comparing the long duration simulation results (figure 81), it can be
seen that not only does p̂c continue to increase until the stress point is reached but the difference between
prediction using an anisotropic and isotropic approach is minimal. The increase of p̂c with time was also found
for OVP clay as shown in figure 54.

7.2 Role of anisotropy

The role of anisotropy is clearly present in the results in the previous section. The K0 prediction over time at
different suction levels becomes more straightforward using an isotropic approach but there is no evidence if
this is also the real soil behaviour.

Literature shows that for saturated soils, isotropic models tend to overpredict the value of K0. For example,
looking at the isotropic Cam Clay and Modified Cam Clay models, Federico et al. (2009) state that the
original Cam Clay model predicts values much higher than the measured K0, the Modified Cam Clay model
overpredicts the measured value less but still does not match experimental results accurately. Wheeler et al.
(2003) show that the correct KNC

0 prediction is found by adjusting the rotation of the yield surface which
supports the previous findings. This work was summarised by Sivasithamparam and Castro (2016) who stated
that ’the authors believe that trying to fit KNC

0 values with isotropic plastic potential surfaces is not realistic.’

It has to be noted that the findings above are found for saturated conditions only. Romero and Jommi
(2008) evaluated the importance of anisotropy for unsaturated soils and found evidence for an anisotropic
material response. This can serve as a starting point to evaluate the importance of anisotropy in assessing the
initial stress state of a soil.

Another point worth noting is that the above theory states that for saturated soils an anisotropic approach is
needed to get a correct prediction of K0, this is coming from the fact that it is found that isotropic approaches
overpredict K0. However, looking at the obtained results it can be seen that the initial K0 value is roughly
the same for the anisotropic and isotropic prediction but that using an isotropic approach, K0 reaches higher
values than for the anisotropic alternative. This is not in line with the findings for saturated soils so therefore
blindly assuming that the anisotropic approach is correct based on the above theory cannot be done. This
emphasises the need for lab tests to confirm which soil behaviour is correct.
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7.3 Suction dependent viscous nucleus parameters

The developed viscous nucleus introduced two new parameters, sref and nsuc. In both the isotropic and
anisotropic approach, these parameters show dependency on suction and stress. sref shows a linear increase
with suction and no dependency to the stress level. nsuc on the other hand shows a decrease with suction but
a higher starting value depending on the stress (figures 73, 74 and 79). A preliminary attempts was made to
fit analytical functions to the obtained values of which the results are shown below. Note that this preliminary
analysis is only performed on the anisotropic data since the majority of this work has included anisotropy.

The following functions are proposed for sref and nsuc respectively.

sref = αsuc ∗ s (46)

where αsuc is a fitting parameter governing the slope of the increase of sref with suction.

nsuc = nsuc,satσv − βsuc(σv)s (47)

with, βsuc(σv) = an ∗ σ2
v + bn ∗ σv + cn

where nsuc,sat is the value of nsuc at the saturated state normalised by the stress level it is determined at. an,
bn and cn are fitting parameters to determine the slope of the decrease of nsuc with suction.

Using the experimental data the following parameter values were obtained.

Table 28: Fitted values sref and nsuc function parameters.

Parameter Unit Value

αsuc [-] 0.047
nsuc,sat kPa−1 0.01
an kPa−2 -3.66e-09
bn kPa−1 8.30e-06
cn [-] -1.21e-03

Using the values given above, the function were fitted through the sref and nsuc data of which the results are
shown below.

Figure 85: Fit to obtained sref values.
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Figure 86: Fit to obtained nsuc values.

It can be seen that the fit for sref is accurate but that it is more difficult to properly fit a function for nsuc. It
is therefore possible to replace sref with αsuc multiplied by the suction with only αsuc having to be determined
based on the used material. This avoids having to calibrate sref for each sample.
For nsuc, the proposed function needs to be refined further, the main difficulty is found in calibrating the
slope correctly based on the stress level. The currently proposed law has a constant slope at constant stress
and would result in negative nsuc values at suctions beyond 2 MPa. Potential could be found in fitting an
exponential curve through the obtained values. However, attention needs to be paid to three aspects. The
first one is that if a law is fitted which remains valid for higher values of suctions. The second point is that
if a law like this is proposed, the accuracy at low suctions (which are more relevant in lab testing as shown
before) needs to be secured. The final point is that the goal of the proposed function is to make the calibration
process easier. This means that a proposed function cannot contain too many new parameters because this
could make the calibration process more difficult and therefore the proposal could lose all its value.

7.4 Suction range

It was found in section 5.5.1 that the unsaturated model works accurately for suctions < 1 MPa. For suctions
starting at 1405 kPa the model was not able to predict the experimental data satisfactory. To which exact
suction value the model remains accurate is not known but this is also not of high importance. What is
interesting to look at is a comparison between the accurate suction range of the model and other experimental
data from the literature. An investigation on unsaturated creep tests performed by other authors shows that
the high suction values that are tested by Rezania et al. (2020) are not commonly encountered. Lai et al.
(2014), Lai et al. (2009), Li and Yang (2018), Zhang et al. (2020), Zhu and Yu (2014), and Zou et al. (2013)
all performed unsaturated tests on different soft soils. The maximum suction values reached in their testing
programs ranged from 200 to 300 kPa. This shows that the suction range of the developed model in this work
is good enough to model commonly found suction values in practice. Based on this literature it is likely that
in a potential follow-up study where unsaturated creep tests will be performed to investigate the K0 over time
behaviour of a soil, the maximum suction value will not exceed a suction of 513 kPa until which the current
model version is validated. This means that no improvement to the model are required if this is indeed the case.

If the model needs to be used beyond the validated suction values, two approaches can be adopted to obtain
satisfactory results. The first option is to try to remove as much uncertainty from the experimental data as
possible. Two main sources of uncertainty in the data from Rezania et al. (2020) are the void ratio with which
the data is normalised and the SWRC. If both of these can be determined with higher accuracy, it could be
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found that the current model version is accurate for suctions beyond 1405 kPa.
Another option of improving the model prediction is by making adaptations to the actual model itself.
For example, considering double porosity as explained in section 2.2.1 and implementing this in the model
could lead to an improvement of the modelling of the unsaturated conditions. Li et al. (2017) developed a
model in which double porosity is considered. They split the adsorbed and capillary water and the macro-
and micropores into two distinct phases. Using this approach, they developed a model and tested this to
experimental data where wetting and drying cycles were applied to Boom clay and triaxial tests on Zaoyang
expansive clay. The results showed that the model was able to simulate the mechanical behaviour as well as
the water retention characteristics of the clays reasonably well.
Della Vecchia et al. (2013) found that next to anisotropy, the evolution of the clay aggregate size is an
important aspect of clay fabric. This evolution is promoted by water exchange between inter-aggregate and
intra-aggregate pores. This evolution was quantified and included in the development of a hydromechanical
model. Simulations of experimental data were performed on different clays and is was found that the model
was able to accurately predict many aspects of the behaviour of compacted clayey soils. Examples of these
aspects are mechanical loading at constant water content and wetting-drying cycles at constant external stress.

7.5 Practical relevance

The final thing worth discussion is the practical relevance of the findings. An obvious practical relevance is
found in foundation piles. These piles transfer their load to the soil through both tip resistance and sleeve
friction. Roughly speaking, this tip resistance is dependent on the vertical stress in the soil but the sleeve
friction is dependent on the horizontal stress. In this schematic framework, a change in K0 would cause a
change in the sleeve friction. Therefore, it is of value to improve the prediction of the change in horizontal
stress through a pile’s lifetime caused by a change in K0.

A less schematic example is given by Salgado et al. (1997), they analysed the effect of K0 on both the
normalised CPT (Cone Penetration Test) tip resistance as well as the Cyclic Resistance Ratio (CRR) defined as
the cyclic shear stress divided by the initial vertical effective stress. After that, they combined the relationship
to evaluate when the soil would liquefy. The result of this is shown below.

Figure 87: CRR vs normalised qc relationship at different values of K0.

In the figure above, the soil suffers liquefaction when the state moves to the top left of the line. It can be seen
that as K0 increases to above KNC

0 , the line moves to the right. This means that at a high normalised qc,
the soil liquefies earlier than the original KNC

0 curve shows. Because of this it is of importance to get a good
prediction of the K0 change with time to contribute avoiding liquefaction problems.
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8 Conclusions and recommendations

In this final chapter, the research questions are answered. Following this is the recommendations section in
which the recommendations for further research are given.

8.1 Conclusions

The answer to the main research question is found in the answers of the subquestions. Because of this, the
subquestions will be answered first after which the answer to the main research question is formulated.

1. Is there an agreement in literature on the influence of creep and drying/wetting on the
soil stress state and is there solid physical reasoning behind this?
Investigation into the results of experimental tests performed by other researchers showed good agreement
on the individual influences of both creep and unsaturated conditions on K0. It was found that, for
saturated samples, K0 increases as a soil is left subjective to creep. This was not only found to be true
for clays but data on peat also showed this behaviour. The only set of experimental results predicting
a decrease of K0 with time was presented as well (Wijeyesekera & Mohamed, 2000) but using other
literature (Grimstad et al., 2021) it was shown that this decrease was not the final soil behaviour and
that after a while this data also showed an increase of K0 with time. Physical reasoning behind creep
was touched on extensively. Five causes were elaborated upon focussing on the grains and the pores
individually. For the grains, structural rearrangement was mentioned where due to sliding, breaking of
bonds and jumping of molecules, the grains rearrange themselves under constant effective stress. Looking
at the pores, reasoning for creep was found in water flow in a double pore system. Work from Akagi
(1994) was referred to who showed experimentally that during creep water drains from the micropores
present in clays.

The effect of unsaturated conditions was harder to capture. This is because experimental data can
be presented using different stress approaches and the choice of stress approach affects the obtained
results. From a qualitative point of view it was found that K0 decreases as the suction increases using
both Bishop’s and Fredlund’s stress approaches. When for example the suction stress approach was
used, a unique value for K0 with suction was found. No work was found in which an increase of K0 with
suction was presented which indicates the agreement in literature that K0 either decreases or remains
constant with suction.
Physical reasoning was found in the elaboration of the suction stress approach. This approach captures
the processes at the particle level showing that as the soil desaturates these processes become important.

2. How can the influences be validated?
The influences of creep and unsaturated conditions were validated by implementing their effects in
a constitutive model. The basis for the model was based on the saturated elastoplastic SANICLAY
model. In order to validate the influence of creep, this model was extended to become saturated elasto
viscoplastic by introducing time dependency through Perzyna’s approach. This new version of the model
was validated using experimental data on OVP clay from the literature and the results showed that the
model was able to follow stress paths and predict creep deformation accurately. Experimental data from
Polinder (2019) was used to assess the K0 change with time but due to significant scatter in the data
this assessment was difficult. An attempt was made nonetheless comparing the model output to this
experimental data and the results showed that the experimental K0 roughly increased with time and
that the numerical K0 prediction increased with time as well. This numerically predicted increase was
however a lot smaller than the rough experimental trend.

Unsaturated conditions were analysed by adopting the average soil skeleton approach as developed by
Jommi (2000). This approach was implemented in the original saturated elastoplastic model resulting in
an unsaturated version of this model. The reason for this is that this way it was possible to first assess
the influence of the unsaturated conditions independently of creep. This version of the model was again
tested using experimental data from the literature. Loading/Unloading tests were analysed at different
suctions and the results showed that the model was able to accurately predict the soil behaviour up to
a suction of 1 MPa. For higher suctions, the model performance was worse but it has to be noted that
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at high suctions the uncertainty in the experimental data increased so therefore it is hard to conclude
if this decreased model performance is due to the model capabilities or the quality of the experimental
data.

3. What is the influence of drying/wetting on the creep behaviour of a soil?
Upon validating the individual influences of creep and unsaturated conditions, a model version was
constructed where both Perzyna’s and the average soil skeleton stress approach were implemented
which resulted in an unsaturated elasto viscoplastic model. This model was tested to experimental
unsaturated creep tests and the results showed that the model predicted the creep deformation to occur
too quickly. The deviation from the experimental data increased as the suction increased. Because of
this, a coupled effect was introduced. The viscous nucleus in Perzyna’s approach was adapted to include
a term dependent on suction. This introduced two new parameters sref and nsuc which were found to
be dependent on suction and load. With this model adaptations it was possible to predict the creep
deformation with a higher level of accuracy. The need for a coupling effect showed that unsaturated
conditions do have an influence on the creep behaviour of a soil and that this can be accounted for in a
model.

4. What is the influence of anisotropy on the initial stress state?
As a final analysis, it was investigated what the role of anisotropy is in the model prediction of the soil
behaviour. It was found that the same creep deformation prediction could be obtained by tuning nsuc.
A comparison between the K0 prediction with time using an anisotropic and isotropic approach showed
that using the anisotropic approach, K0 would initially increase with time after which it would decrease
to a value lower than the starting value. For high suctions (>1 MPa) and low loads (<222 kPa) only
a decrease was found. The isotropic approach showed that the initial increase continued and K0 would
no longer decrease with time. The decrease at high suctions and low loads was still present. Which of
the two predictions is correct from a qualitative point of view cannot be concluded due to the lack of
experimental data on unsaturated K0 development with time.

Using the answers to the subquestions, the main research question can now be answered. This question was
formulated as follows.

Can the prediction of K0 be improved for unconventional stress histories including creep and
drying/wetting cycles?

From a qualitative point of view, the prediction of K0 can be improved by accounting for creep and unsaturated
conditions. The trends that were found in the literature study showing an increase of K0 with creep and a
decrease with suction are predicted by the developed unsaturated elasto viscoplastic model. Whether the
prediction can also be improved from a quantitative point of view cannot currently be determined. In order
to do this, lab tests are required to which the model prediction can be compared.

The prediction improvement does have some limitations, it was found that the model has difficulties dealing
with high suctions and the K0 prediction with time at low loads showed a decrease with time. Based on the
available experimental data this decrease would intuitively be deemed to be incorrect. It has to be stated
though that the available experimental data includes only saturated tests. It could be the case that future
unsaturated tests show that at low loads the value of K0 does indeed decrease with time which would mean that
the accurate prediction range of the model is larger than can be concluded based on current day’s knowledge.
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8.2 Recommendations

In this section, recommendations are given for future research. This work presented a first approach in
developing an unsaturated elasto viscoplastic constitutive model with a coupled effect for which the need as
indicated by available experimental data. The developed model showed some clear limitations for example at
high suction levels so therefore room of improvement is definitely present. The following recommendations are
given based on the findings of this project.

1. The most important recommendation is that unsaturated creep lab tests need to be performed in order
to assess experimentally the change of K0 with time for unsaturated soft soils. Using the results of these
lab tests, the model performance can be evaluated starting from a qualitative point of view. Performing
unsaturated creep tests is however not that straightforward to do due to the requirement of controlling
the suction or water content over long periods of time. Therefore, these tests would require proper
care and attention. The type of test that is recommended is a set of triaxial tests with automatic K0

control. What is meant by this is that the apparatus automatically corrects the pressures in order to
obtain negligible radial strains and therefore preserve the sample in K0 conditions. This type of test is
described in Muraro and Jommi (2019).

2. The loading/unloading experimental data that was used in the validation of the unsaturated elastoplastic
model included a significant amount of uncertainty. The data was normalised with an unknown void
ratio and the Soil Water Retention Curve that was used was not determined accurately at high suction
levels. It is recommended to attempt to remove as much uncertainty from the experimental data as
possible by either redoing the loading/unloading tests in the lab or by further analysing the data and
the SWRC. This allows for a better model performance assessment and will lead to a clearer overview
of the model capabilities and accurate suction range.

3. Upon validation of the K0 prediction with time, the unsaturated viscous nucleus parameters (sref and
nsuc) can be determined with a higher accuracy. Once they are known at each combination of suction
and load it is recommended to define analytical functions for both parameters dependent on stress and
suction. A proposal was presented in the previous chapter and this suggestion can be used as a starting
point. If analytical functions can be fitted, the calibration process will become easier since parameter
values will only need to be determined for the relevant material instead of for each sample.

4. The parameter calibration procedure should be performed with care. Starting off with the parameters
belonging to the elastoplastic part of the model, these can be determined through experimental data
(Mc, cM , λ∗, κ∗), other parameters can be taken from literature such as the Poisson’s ratio, equations
are suggested for N and x and finally trial runs should be performed to calibrate the value of C.
Then, the initial state variables can be determined. The preconsolidation pressure should be determined
based on the sample preparation. The initial void ratio needs to be calculated or taken from a test
description and the initial rotation can be calculated through a given equation. The initial stresses and
strains can reasonably be assumed.
The viscosity parameters are calibrated through the execution of trial runs with starting values to be
taken from relevant literature.
The unsaturated parameters belong to the SWRC and the loading collapse rule. The SWRC parameters
can be fitted to an experimentally determined SWRC whereas the loading collapse rule parameters are
calibrated by fitting the experimental preconsolidation pressure at different suctions.
Finally, the suction dependent viscous nucleus parameters need to be determined through the execution
of trial runs, as stated above it is proposed to fit analytical functions for both parameters to make the
calibration process easier.

5. For future model development it is recommended to look at the double porosity approach such as Della
Vecchia et al. (2013) and Li et al. (2017) as mentioned in chapter 7 to improve the unsaturated model
performance. For improvement of the time dependent aspect of the model, a possible starting point is
including creep strains inside the yield surface as suggested by Cresseri and Jommi (2005) and Liingaard
et al. (2004). This could for example improve the initial prediction of the loading/unloading data which
were found to not be perfectly elastic.
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6. The final recommendation that is made is to include the unsaturated elasto viscoplastic approach in a
Finite Element Model (FEM). If it can be validated using FEM analyses that the approach is able to
predict soil behaviour well, the approach could become more practically relevant.
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A SENSITIVITY ANALYSIS

A Sensitivity Analysis

A.1 Elastoplastic parameters

In this appendix, the sensitivity of the elastoplastic model to each of its parameters will be analysed. The
sensitivity analysis is performed by changing one parameter while keeping all the other ones constant. For each
parameter, five values are tested. These are 80, 90, 100, 110 and 120% of the original determined parameter
value. This results in two analyses with a lower value than the original one and two with a higher value. In
doing so the change of the model output can be determined. This does not mean that every parameter has to
be set to one of the five values used here. The sensitivity analysis purely serves as an indication of the change
in model output to a change in parameter.

The model output is compared to the data from Wegman (2020). More specifically, the stress path in p’-q
space and the void ratio vs log(p’) plot are used since these plots indicate the influence of the model parameters
well. The test which is used is the slightly overconsolidated one (TRX 5) since this is deemed to be the most
representative. The saturated EP model is used since the elastoplastic parameters are determined before
the viscoplastic ones and therefore with the EP model their sensitivity can already be analysed before the
viscoplastic parameters are determined.

The following model parameters are used in the analysis.

Table 29: Elastoplastic parameter values - Sensitivity analysis EP parameters.

Parameter Lowest (80%) Low (90%) Default (100%) High (110%) Highest (120%)
λ∗ 0.104 0.117 0.130 0.143 0.156
κ∗ 0.011 0.013 0.014 0.015 0.017
ν 0.16 0.18 0.20 0.22 0.24
N 1.18 1.33 1.48 1.63 1.78
x 1.37 1.54 1.71 1.88 2.05
kf 1.6 1.8 2.0 2.2 2.4

Mc and cM are not analysed with respect to their sensitivity since they are taken directly from Wegman (2020)
and there is no uncertainty in their values. They are kept at 1.61 and 0.84 throughout all analyses.
Dafalias et al. (2006) stated that C ranges from 3 to 20, therefore a wider range of values are selected for this
parameter. The values at which C is tested are 3.0, 4.0 (Default), 8.0 and 9.0. For values above 9.0, the model
failed to converge so therefore it is not possible to test the entire range of values for C.

Only the sensitivity of the model parameters are tested since the initial state variables can be determined
accurately enough from the description of the test in Wegman (2020). For convenience, they are repeated
here.

Table 30: Initial state variables - Sensitivity analysis EP parameters.

Parameter Unit Meaning Value

ε0 [-] Initial strain [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0 [kPa] Initial total stress [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] Initial rotation of plastic potential [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
β0 [-] Initial rotation of yield surface [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
pc,0 [kPa] Initial mean preconsolidation pressure 22.9
e0 [-] Initial void ratio 2.59 (Wegman, 2020)
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A SENSITIVITY ANALYSIS A.1 Elastoplastic parameters

Sensitivity λ∗

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 88: Sensitivity λ∗.

Since λ∗ governs the slope of the virgin compression line it was to be expected that changing λ∗ would have
no significant effect on the stress path in p’-q space. The effect is clearly visible in figure 88b, for a higher
value of λ∗, the slope of the virgin compression line increases and as a consequence so does the final value of
the void ratio.
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Sensitivity κ∗

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 89: Sensitivity κ∗.

Similar to λ∗, κ∗ has no significant effect on the stress path in p’-q space this time because κ∗ governs the
slope of the recompression line. The effect of κ∗ is shown in figure 89b, for higher values of κ∗, the slope of
the recompression line increases.
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Sensitivity ν

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 90: Sensitivity ν.

It can be seen that the model is insensitive to the chosen value of ν.
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Sensitivity N

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 91: Sensitivity N.

The value of N changes the shape of the yield surface and therefore changes the moment where the soil sample
reaches the plastic domain under shearing and starts going towards the critical state line. In the void ratio vs
log(p’) plot, the effect can be seen upon reaching the preconsolidation pressure. For lower values of N there
is a bigger initial change in void ratio after which the slope of the plot is recovered to be similar to the other
lines.
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Sensitivity x

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 92: Sensitivity x.

The value of x only changes the initial part of the virgin compression line. Overall it can be stated that the
model is relatively insensitive to the value of x.
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Sensitivity C

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 93: Sensitivity C.

The model is insensitive to the changes made to C. The range of values for C as reported by Dafalias et
al. (2006) is higher than the values that are tested here. For values higher than 9.0, the model runs into
convergence problems. Therefore it is desired to keep C at a low value. The default value of 4.0 gives good
results.
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Sensitivity kf

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 94: Sensitivity kf .

The value of kf also manages the shape of the yield surface. Figure 94a shows that for a lower value of kf
shearing towards the critical state line occurs later. The influence of kf on the void ratio vs log(p’) plot is
small.
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A.2 Viscosity parameters

In this appendix, the sensitivity of the EVP model to the viscosity parameters µ and Nφ is analysed. For
both the soils that are being used in this thesis, different tests are performed. Whereas for the elastoplastic
parameters, the sensitivity analysis on the OVP clay gives enough insight to calibrate these parameters for
the London clay (LC) as well, this is not the case for the viscosity parameters. The test that is performed in
the sensitivity analysis of µ and Nφ on OVP clay is different from the one performed on the LC clay to the
point that the first test is not viable in the calibration of µ and Nφ for LC. Because of this, the sensitivity
analysis for µ and Nφ is performed twice starting with the one for OVP clay and afterwards for the LC.

A.2.1 OVP clay

The sensitivity of the model to µ and Nφ is determined using test data from Polinder (2019), more specifically
a sample which has undergone 10 days ageing is used. The sensitivity of µ is analysed first since it was shown
that the sensitivity of Nφ only showed under low values of µ. The values that are tested are a wider range
than the elastoplastic parameters, this is because the initial values for µ and Nφ had to be guessed and are
therefore less certain. The values that are used are shown below.

Table 31: Viscosity parameter values - Sensitivity analysis OVP clay.

Parameter Unit Value

µ [s−1] 7e-21 7e-3 7e-4 7e-5 7e-6 7e-7 7e-8 7e-9 7e-10
Nφ [-] 8 9 10 11 12 13 14 15 16

1 The test with µ = 7e-2 s−1 was not able to complete due to convergence problems
and is therefore not included in the results.

For the sake of clarity, the other parameter values are shown below.

Table 32: Overview elastoplastic parameters - Sensitivity analysis OVP clay.

Parameter Meaning Value

Mc Value of stress ratio q/p at critical state in compression 1.61
cM Me/Mc 0.84
λ∗ Slope of compression line in ln(ν)-ln(p’) plane 0.13
κ∗ Slope of rebound line in ln(ν)-ln(p’) plane 0.014
ν Poisson’s ratio 0.20
N Shape of the yield surface (1) 1.48
x Saturation limit of anisotropy under constant stress ratio 1.71
C Rate of evolution of anisotropy 4
kf Shape of the yield surface (2) 2.0
kg Shape of the plastic potential (always equal to 2.0) 2.0

Table 33: Initial state variables - Sensitivity analysis OVP clay.

Parameter Unit Meaning Value

ε0 [-] Initial strain [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0 [kPa] Initial total stress [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] Initial rotation of plastic potential [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
β0 [-] Initial rotation of yield surface [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
pc,0 [kPa] Initial mean preconsolidation pressure 22.9
e0 [-] Initial void ratio 2.59
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Sensitivity µ

The sensitivity analysis of µ was performed with Nφ equal to 12. The results are shown below.

Figure 95: Sensitivity µ - Void ratio vs log(σ′v).

Sensitivity Nφ

It was experienced that only for low values of µ, the sensitivity of Nφ could be analysed properly. Therefore,
the sensitivity analysis of Nφ is performed with µ equal to 7e-10 s−1.

Figure 96: Sensitivity Nφ - Void ratio vs log(σ′v).

It can be seen that a low value of µ is required to fit the results accurately. Nφ mostly controls the amount
of deformation during a constant effective stress.
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A.2.2 London clay

In this appendix, the sensitivity of the model to µ and Nφ is analysed again but this time using a test from
Rezania et al. (2020) on the London clay. The test that is being used is a saturated sample which is loaded
to 355 kPa. The reason why a saturated test is used is because for saturated samples the model behaves like
the already validated saturated EVP model and therefore the viscosity parameters can be determined without
any potential influence of suction. Shown below is a table indicating which parameter values are tested.

Table 34: Viscosity parameter values - Sensitivity analysis London clay.

Parameter Unit Value

µ [s−1] 1e-2 1e-3 1e-4 1e-5 1e-6 1e-7 1e-8 1e-9 1e-10
Nφ [-] 9 10 11 12 13 14 15 16 17

The sensitivity analyses for µ is performed with Nφ constant and equal to 13.0, the sensitivity analysis for Nφ
is performed with µ constant and equal to 1e-7 s−1.

For the sake of overview, the elastoplastic parameters and state variables are presented first. After this, the
results of the sensitivity analysis are shown. Because changing the parameters changes ep, the results cannot
be presented on a non-normalised axis as is done in the main document.

Table 35: Overview elastoplastic parameters - Sensitivity analysis London clay.

Parameter Unit Value

Mc [-] 0.85
cM [-] 1.0
λ∗ [-] 0.087
κ∗ [-] 0.021
ν [-] 0.3
N [-] 0.85
x [-] 1.84
C [-] 4.0
kf [-] 2.0
kg [-] 2.0
α [kPa−1] 0.0036
n [-] 4.5
m [-] 0.05
a [kPa] 1e6
b1 [-] 1.0
b2 [-] 0.5
Sr,aev [-] 0.97
Sr,res [-] 0.23

Table 36: Initial state variables - Sensitivity analysis London clay.

Variable Unit Value

ε0 [-] [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0 [kPa] [11.0, 11.0, 11.0, 0.0, 0.0, 0.0]
α0 [-] 0.26
β0 [-] 0.26
p∗c,0 [kPa] 61.0
e0 [-] 0.93
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Sensitivity µ

Figure 97: Sensitivity analysis µ - experimental data from Rezania et al. (2020).

Sensitivity Nφ

Figure 98: Sensitivity analysis Nφ - experimental data from Rezania et al. (2020).

123



A SENSITIVITY ANALYSIS A.3 Elastoplastic parameters EVP model

A.3 Elastoplastic parameters EVP model

It was found that the EVP model behaved differently than the EP model when the same set of parameters
was used. The results with the EVP model were not accurate (figure 47) so therefore the parameters need to
be tuned. In this appendix, the sensitivity to the elastoplastic parameters in the EVP model is analysed. The
same parameter values are tested as in appendix A.1, the other parameters are presented below.

Table 37: Elasto viscoplastic parameter values - Sensitivity analysis EP parameters - EVP model.

Parameter Unit Meaning Value

µ [s−1] Fluidity parameter 3e-10
Nφ [-] Strain rate coefficient 9

Table 38: Initial state variables - Sensitivity analysis EP parameters - EVP model.

Parameter Unit Meaning Value

ε0 [-] Initial strain [0.0, 0.0, 0.0, 0.0, 0.0, 0.0]
σ0 [kPa] Initial total stress [5.0, 5.0, 5.0, 0.0, 0.0, 0.0]
α0 [-] Initial rotation of plastic potential [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
β0 [-] Initial rotation of yield surface [-0.65/3*1, -0.65/3*1, 0.65/3*2, 0.0, 0.0, 0.0]
pc,0 [kPa] Initial mean preconsolidation pressure 22.9
e0 [-] Initial void ratio 2.59 (Wegman, 2020)

Again, Mc and cM are kept constant and equal to 1.61 and 0.84 respectively. The results of the sensitivity
analysis are presented below.
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Sensitivity λ∗

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 99: Sensitivity λ∗ - EVP Model.
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Sensitivity κ∗

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 100: Sensitivity κ∗ - EVP Model.
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Sensitivity ν

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 101: Sensitivity ν - EVP Model.
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Sensitivity N

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 102: Sensitivity N - EVP Model.

It can be seen that a lower value of N fits the data better than the default determined value.
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Sensitivity x

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 103: Sensitivity x - EVP Model.
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Sensitivity C

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 104: Sensitivity C- EVP Model.
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Sensitivity kf

(a) Sensitivity presented in stress path in p’-q space.

(b) Sensitivity presented by change in void ratio with mean effective stress.

Figure 105: Sensitivity kf - EVP Model.
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A.4 Unsaturated parameters

In this section, the sensitivity of the model to the unsaturated parameters is analysed. First, the SWRC
parameters are analysed after which the newly introduced suction dependent viscous nucleus parameters are
investigated.

A.4.1 SWRC parameters

In this subsection, the influence of the SWRC parameters is determined. In total, four parameters need to
be calibrated to the experimentally determined SWRC for London clay reported by Bagheri et al. (2020) and
Rezania et al. (2020). These parameters are a, n, m and α.
Starting values for the parameters are taken from Romero and Jommi (2008) who fitted the same SWRC
equation to Boom clay. Due to the different soil properties between Boom clay and London clay, a relatively
wide range of parameters is tested. The values at which the sensitivity analysis is performed is presented
below. The default values of the parameters are indicated in the middle column.

Table 39: Viscosity parameter values - Sensitivity analysis London clay.

Parameter Unit Default

a [kPa] 4e3 4e4 4e5 4e6 4e7
n [-] 0.10 0.50 0.95 1.5 2.0
m [-] 0.10 0.20 0.41 0.60 0.80
α [kPa−1] 0.0001 0.0005 0.0014 0.0030 0.0050

The results of the sensitivity analysis are presented below.

(a) Sensitivity a.
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(b) Sensitivity n.

(c) Sensitivity m.
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(d) Sensitivity α.

Figure 106: Calculated SWRC compared to experimental SWRC for different values of the SWRC parameters.

The sensitivity analysis shows that for a, a relatively high value is needed to get close to the experimental data.
For n, a high value is needed as well, for this parameter low values change the shape of the SWRC completely.
Looking at m, a low value is needed, the shape of the SWRC is not much affected by this parameters. Finally,
for α it is found that this parameter governs at which suction the SWRC becomes steeper, the best match is
found at around 0.0030 kPa−1.
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A.4.2 Suction dependent viscous nucleus parameters

Since the parameters belonging to the suction dependent viscous nucleus are newly introduced. Their values
need to be determined through the execution of trial runs. This process can be aided by the use of a sensitivity
analysis. The experimental data is taken from Rezania et al. (2020), more specifically, the sample with an
initial suction of 513 kPa and an applied load of 355 kPa is used. This sample is chosen because it has a
median value for both the suction and the load and is therefore deemed to be representative. Shown below are
first the tested values in a table after which the results are presented. The other parameter values are found
in tables 35 and 36 with µ = 1e-8 s−1 and Nφ = 13.0.

Table 40: Suction dependent viscous nucleus parameter values - Sensitivity analysis London clay.

Parameter Unit Value

sref [kPa] 10 20 30 40 50 60 70 80 90 100
nsuc [-] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

For the sensitivity analysis of sref , nsuc is set to 2.5, for the sensitivity analysis of nsuc, sref is set to 20 kPa.

Figure 107: Sensitivity analysis sref .
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Figure 108: Sensitivity analysis nsuc.

136



B UNSATURATED ELASTOPLASTIC PLOTS

B Unsaturated elastoplastic plots

As has been stated in section 5.5, both the hydromechanical and the mechanical driver can be used to simulate
the loading/unloading tests by Rezania et al. (2020). In this appendix, the plots for all six samples are
presented. In each plot, the drained model prediction by both the hydromechanical and mechanical driver are
shown. For four of the samples, Rezania et al. (2020) gave the value of the suction throughout the tests. This
information is exploited to also perform a model run with the hydromechanical driver where the suction is
governed throughout the tests. This final model simulation is labeled as ’suction applied’ in the figures below.

(a) Saturated sample.

(b) s0 = 326 kPa.
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(c) s0 = 433 kPa.

(d) s0 = 513 kPa.
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(e) s0 = 1405 kPa.

(f) s0 = 1907 kPa.

Figure 109: Deformation predicted by hydromechanical and mechanical driver.
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