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ABSTRACT 
 
 
Compacted highly expansive clays are envisaged to be employed as buffers for the long-term 
storage of nuclear waste in deep geological repositories. Buffers are tasked with preventing 
any form of contamination of the environment by the radioactive matter. Their strong swelling 
behaviour upon contact with water, which is originated in the structure of the fabric and in the 
mineralogical composition, is meant to ensure the absence of leakage into the biosphere. 
Overall, compacted highly expansive clays present different characteristics compared to 
moderately expansive clays. The aim of the present thesis is to develop a suitable constitutive 
model for these materials and to conduct a numerical investigation of their hydro-mechanical 
behaviour.  
 
A new constitutive framework is formulated and implemented into the Imperial College Finite 
Element Program (ICFEP). It accounts for the double-porosity structure that is observed in the 
fabric of compacted clays. Two levels of structure are considered, the macro-structure and the 
micro-structure. The overall behaviour of the material is characterised as an interaction of these 
two levels of structure, which are assumed to be elastoplastic and not independent. The 
validation of the new model is discussed by means of the analysis of laboratory experiments 
that demonstrates, among other things, the improved simulation of soil behaviour with respect 
to the single-structure constitutive model available in ICFEP. 
 
The new double structure model is employed to perform a numerical investigation of the 
behaviour upon wetting of compacted clays observed at the small and large scale. In the former 
case, a series of swelling pressure tests are studied in order to verify that the model correctly 
reproduces the fundamental features of the swelling behaviour. In the latter case, a large scale 
deep geological repository is reproduced in order to assess the predictive capabilities of the 
model for the long-term state of the buffer. 
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CHAPTER 1:    INTRODUCTION 
 
 
1.1 GENERAL 
Compacted unsaturated expansive soils are a major subject of research in applications 
involving barrier systems. Over the past two decades they have been considered for barrier 
systems in nuclear waste disposal applications. For this purpose, they are compacted and 
employed as buffer materials in deep geological repositories. Buffers are tasked with providing 
a layer of protection to the canisters containing the radioactive material, in order to prevent 
contamination of the surrounding environment. To predict the level of safety and effectiveness 
of such a disposal technique, it is of great importance to improve the current modelling 
capabilities regarding compacted soils. In particular, understanding the properties and 
fundamental processes that determine the expansive behaviour is essential to capture the 
evolution of the material and, consequently, the performance of the buffer. 
 
The Geotechnics Section at Imperial College London has a long history of laboratory testing 
of natural and compacted unsaturated soils (Blight, 1961; Donald, 1961; Matyas, 1963; 
Maswoswe, 1985; Schreiner, 1988). More recently, over the past two decades, further 
experimental investigations have been carried out by Ridley (1993), Marinho (1994), Dineen 
(1997), Cunningham (2000), Colmenares (2001), Melgarejo Corredor (2004), Jotisankasa 
(2005), Monroy (2006) and Mantikos (2019). Numerical developments, in conjunction with 
the bespoke finite element software ICFEP (Imperial College Finite Element Program; Potts & 
Zdravkovic, 1999) have followed since the 2000s, focusing on: mechanical modelling of 
unsaturated soils (Georgiadis, 2003; Tsiampousi, 2011);  hydro-mechanically coupled finite 
element formulation for unsaturated soils and relevant boundary conditions (Smith, 2003; 
Nyambayo, 2003); governing Thermo-Hydro-Mechanical (THM) coupling and boundary 
conditions (Cui, 2015); and soil water retention modelling (Melgarejo Corredor, 2004; 
Tsiampousi, 2011). However, no previous numerical studies considered unsaturated compacted 
and highly expansive soils, which is the subject of this thesis. All existing numerical 
developments in ICFEP constitute the starting point of the research presented in this thesis. 
 
Numerous experimental studies have demonstrated that compacted soils present a behaviour 
that is very different from that of moderately expansive soils. The strong swelling behaviour 
upon contact with water is rooted in the fabric and the mineralogical composition of the 
material. Consequently, constitutive models such as the ones by Georgiadis (2003) and 
Tsiampousi (2011) are not adequate to simulate accurately the evolution of compacted clays 
upon wetting from an initial dry state. These limitations are addressed in the present thesis, as 
the fabric of compacted clays is considered when developing a constitutive framework.   
 
 
1.2 SCOPE OF THE RESEARCH 
The scope of the research presented in this thesis consists of developing a constitutive model 
for compacted clays suitable for employment in nuclear waste disposal applications. 



30 
 

Furthermore, this research aims at investigating the evolution upon wetting of these materials 
through numerical analyses carried out within ICFEP.   
 
The development part of the thesis is subdivided in the following parts: 
 

• all available experimental evidences on compacted clays, as well as selected numerical 
frameworks conceived for these materials, are gathered in order to extrapolate the most 
relevant evidence and assumptions; 
 

• the available resources in ICFEP are employed to tackle unsaturated expansive soils 
and the expected shortcomings are analysed; 
 

• on the basis of the preliminary work, a constitutive model for compacted soils is 
formulated, implemented, validated and calibrated. 

 
The applicative part of the thesis, involving the newly developed model, is broken down into 
two parts: 
 

• application to small-scale laboratory swelling pressure tests on compacted soils, in 
order to verify that the model correctly reproduces the fundamental features of the 
swelling behaviour in a relatively controlled environment; 
 

• application to a large-scale repository mock-up experiment, in order to deduce the 
model’s predictive capabilities for the evolution of the state of the buffer in the long-
term. 

 
The overall purpose of the numerical analyses is to assess the impact of the new constitutive 
model on the quality of the predictions whilst modelling increasingly complex environments.  
 
 
1.3 THESIS LAYOUT 
The outline of the thesis is given below in more detail. 
 
Chapter 2 of the thesis is subdivided into two main parts. The first part presents a review of the 
most important experimental findings on the basic features of the behaviour of compacted 
clays. Particular emphasis is given to understanding the causes of the swelling behaviour and 
observing the expansive materials in the context of nuclear waste disposal applications in deep 
geological repositories. The second part of the chapter assesses selected constitutive 
frameworks formulated for compacted clays. The recurrent assumptions are singled out. 
 
Chapter 3 assesses the current modelling capabilities available in ICFEP. The existing hydro-
mechanical global formulation, as well as the constitutive models for unsaturated soils, are 
described. These numerical tools are then used to simulate experiments on increasingly 
expansive clays, in order to assess the applicability of the existing framework to compacted 
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soils and to identify the aspects that are most suitable for improvement in the case of highly 
expansive materials. 
 
Chapter 4 reports the formulation of a new constitutive model for compacted expansive clays. 
All required model parameters are subsequently discussed. 
 
Chapter 5 details the implementation into ICFEP and the validation of the model described in 
the previous chapter. The validation consists of two phases. First, a series of stress paths is 
reproduced in order to demonstrate some important features of the model. Secondly, the 
performance of the numerical framework is assessed by simulating laboratory experiments and 
comparing the numerical predictions with the experimental measurements. 
 
Chapter 6 presents a numerical investigation of the behaviour of compacted MX-80 bentonite 
upon wetting at the laboratory scale. Several experiments are analysed in order to assess the 
ability of the new model to predict the final state of the compacted samples following a 
combination of mechanical and hydraulic loads. In particular, a series of swelling pressure tests 
is simulated, along with a self-healing experiment. The improvement in the quality of the 
predictions with respect to the previous unsaturated models implemented in ICFEP is 
discussed. 
 
Chapter 7 shows the numerical investigation of a large-scale repository mock-up test, the 
FEBEX in-situ experiment. Strong emphasis is given to the modelling of the buffer material 
which is made of a compacted clay. This complex test is tackled with increasingly 
comprehensive analyses that account for the concurrent thermo-hydro-mechanical interactions 
that influence the long-term status of the buffer. A comparison between numerical predictions 
and experimental measurements is carried out in order to evaluate the performance of the new 
constitutive model.  
 
Finally, the conclusions from this thesis and recommendations for further research are given in 
Chapter 8. 
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 CHAPTER 2:  MECHANICAL BEHAVIOUR AND CONSTITUTIVE MODELS FOR 
UNSATURATED EXPANSIVE CLAYS 

 
 
2.1 INTRODUCTION 
This chapter is divided into two main parts. This first part reviews the most relevant features 
of the mechanical behaviour of unsaturated, expansive soils that have been documented 
through experimental work. Understanding the fundamentals of clay structure and of the 
hydration process is a necessary step towards creating a realistic conceptual basis for 
numerical modelling. The second part discusses a selection of the existing constitutive 
models for expansive soils, along with a brief summary of their most important features and 
assumptions. It is specified that throughout this chapter the stress 𝜎 refers to the net stress 
(unless stated otherwise). Meanwhile, from Chapter 3 onwards, the stress 𝜎 will refer to the 
equivalent stress that will be defined at the beginning of the aforementioned chapter. Suction 
s, on the other hand, always refers to the matric suction (unless stated otherwise). 
 
 
2.2 MATERIAL BEHAVIOUR 
2.2.1  Double porosity structure 
 
The fabric of a soil statically compacted on the dry side of the optimum moisture content in a 
Proctor plot displays a double porosity structure. This was first shown in the 1970s 
(Diamond, 1970; Sridharan et al., 1971; Ahmed et al., 1974; Garcia-Bengochea et al., 1979) 
and was subsequently confirmed in numerous recent studies (among others Romero, 1999; 
Monroy et al., 2010; Lloret et al., 2003; Seiphoori et al., 2014). 
 
The term double porosity indicates the presence of two levels of structure that can be 
observed at two distinct scales. At the macro-scale the fabric is made of aggregates of 
compacted clay alternated with macro-pores. The aggregates are groups of very closely-
packed clay particles, while the macro-pores are voids that can be partly filled with air and 
water and that are clearly visible at this scale. Since the macro-voids separate aggregates, 
they are also called inter-aggregate pores. The water inside the material finds a preferential 
flow path in the macro-pores, hence the network of macro-pores is defined as macro-porosity. 
The micro-scale is observed at the level of a single aggregate. It is made of stacks of clay 
layers, or clay platelets, alternated with layers of water. The water at the micro-scale exists 
either in the planar inter-layer space between the individual clay layers (inter-layer water) or 
is located in the voids between the particles within the aggregates (intra-aggregate water, 
Delage et al., 2006). This indicates the existence of a second network of pores, which are 
called micro-pores (or intra-aggregate pores, in a broad sense), that constitutes the micro-
porosity.  
 
The mineralogical composition of the clay minerals present in the aggregates determines 
some important features of the behaviour of the material. Highly expansive soils, which are 
the main subject of the present thesis, are able to experience large irreversible swelling strains 
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when wetted and it is believed that these plastic deformations are rooted in the phenomena 
that take place at particle level. In particular, the physico-chemical interactions that occur in 
and around the clay minerals play an important role in determining the overall volumetric 
behaviour response of the material (Gens & Alonso, 1992; Alonso, 1998). In fact, the 
mineralogical composition of expansive soils comprises a high percentage of active clay 
minerals. These minerals strongly react when in contact with water. They are able to attract 
and hold back a conspicuous number of water particles. For example, bentonite clays, which 
are widely considered suitable as buffer materials for nuclear waste disposal applications 
thanks to their high swelling potential, contain a high percentage (ranging approximately 
from 85% to 90% depending on the type of bentonite) of the very active mineral 
montmorillonite.   
 
Among the various techniques available to study the fabric of unsaturated compacted clays 
the Mercury Intrusion Porosimetry (MIP), Scanning Electron Microscopy (SEM) and 
Environmental Scanning Electron Microscopy (ESEM) have been the most prominent.  
 
MIP evidence 
MIP investigations synthesise the morphology of the pore space within a soil mass through 
the Pore Size Distribution (PSD) function. PSDs are cumulative functions that quantify the 
presence of pores characterised by a given diameter. In most cases the distribution is obtained 
by the forced intrusion of a non-wetting fluid, such as mercury, under pressure into the soil 
pores (Diamond, 1970). Available experimental studies have shown that soils characterised 
by the double porosity structure present a bimodal PSD, which consists of two peaks that can 
be clearly distinguished in the distribution. The peak that corresponds to the smaller pore 
diameter indicates the presence of the micro-pores, while the peak in the range of larger pore 
sizes corresponds to the concentration of macro-pores.  
 
An example MIP test is shown in Figure 2.1, from the study by Monroy et al. (2010) on  
London Clay compacted to initial dry density 𝜌# = 1.38	Mg/m., suction ~1000	kPa and 
degree of saturation 𝑆5 = 67%. The pore size distribution curve is presented in terms of the 
intruded mercury void ratio, 𝑒:; (volume of non-wetting fluid divided by volume of solid 
particles). The lower half of Figure 2.1 reveals the bimodal porosity of a sample in its initial 
as-compacted state. As anticipated, this is indicative of an aggregate structure typical of a 
clayey soil compacted on the dry side of optimum. Two dominant pore groups are identified 
around the diameter values of 17.440µm and 0.110µm. The former was interpreted to 
correspond to the inter-aggregate (macro) pores and the latter to the intra-aggregate (micro) 
pores. 
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Figure 2.1: MIP investigation of a sample of London Clay in the as-compacted state (Monroy et al., 
2010). 

Even though the PSD gives a useful quantitative characterisation of the fabric, it should be 
noted that it does not necessarily coincide with the true distribution of pores (Romero & 
Simms, 2008). Observing the upper half of Figure 2.1, a significant difference between the 
void ratio calculated for the sample at the end of compaction, 𝑒= = 0.961, and that based on 
the total intruded volume of mercury, 𝑒?@A = 0.685, is evidenced. Monroy et al. (2010) 
attributed this discrepancy to two factors. First, pores that are too small to be intruded with 
the available equipment remain undetected, hence contributing to non-intruded porosity. 
Secondly, pores that are isolated by the surrounding solid particles cannot be measured and 
remain as enclosed porosity. Most of the existing studies generally agree that the effect of 
enclosed porosity is less significant than that of non-intruded porosity in compacted clays. 
Upon completion of the first mercury intrusion cycle, only some of the liquid initially 
injected manages to exit the sample. As shown in Figure 2.1, the extrusion curve lies above 
the initial intrusion curve. Delage & Lefebvre (1984) showed that the difference between the 
intrusion and extrusion cycles gives a measure of the entrapped porosity, because a second 
intrusion curve follows approximately the extrusion path, thus defining the free porosity.  
 
Another example of an MIP investigation on expansive materials is shown in Figure 2.2, 
from the study of compacted FEBEX bentonite by Lloret et al. (2003). The figure shows PSD 
functions obtained for two samples compacted at a dry density of 1.8Mg/m. and 1.5Mg/m.. 
Both display a bi-modal distribution, however the looser sample presents a higher 
concentration of macro-pores than the denser sample. On the other hand, the peak of the 
micro-pores does not seem to vary significantly with the dry density. 
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Figure 2.2: MIP investigation of two samples of FEBEX bentonite compacted to different dry 
densities, 1.8𝑀𝑔/𝑚. and 1.5𝑀𝑔/𝑚. (Lloret et al., 2003). 

MIP is a powerful tool for the investigation of the morphology of the soil fabric and it can be 
used to gain insights into several aspects of soil behaviour, such as volume changes, water 
retention and permeability properties (Romero & Simms, 2008). The goal of micro-structural 
investigation should be to correlate micro-structural characteristics and macroscopic 
properties.  Nevertheless, the current understanding of micro-structural phenomena is still 
limited, as discussed later, and the information obtained from micro-structural studies is not 
easily related to the mechanical properties of clays. At present, it is reasonable to envisage 
that the qualitative analysis of the micro-structure is a powerful means to contribute to 
realistic formulations of multiscale constitutive models that should lead to improved 
predictions of soil behaviour.  
 
It should also be noted that samples have to be de-hydrated before undergoing a mercury 
injection, otherwise the water in the micro-pores might prevent the entry of the intruding 
liquid. This implies the use of techniques such as air-drying, oven-drying or freeze-drying 
which, in some cases, might alter the fabric itself (Romero & Simms, 2008). Despite this, 
MIP investigations are among the very few established methods for the study of the micro-
structure of compacted soils. Their output is thus very useful whilst interpreting the role of 
the micro-structure in the overall behaviour of the material. 
 
ESEM or SEM 
Some of the first Scanning Electron Microscopy (SEM) investigations on expansive soils 
were performed by Collins & McGown (1974), McGown & Collins (1975) and Collins 
(1984). These works contributed to the development of the conceptual constitutive 
framework for unsaturated expansive clays described by Gens & Alonso (1992), which later 
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provided the theoretical basis for several constitutive models. SEM photomicrographs 
provided insights into the structural arrangements of the fabric and observations of the 
specific particle assemblages that are characteristic of compacted soils. 
 
Recently, Seiphoori et al. (2014) presented a series of SEM photomicrographs of a sample of 
MX-80 bentonite compacted to a dry density of 1.8𝑀𝑔 𝑚.⁄ . Figure 2.3 shows the as-
compacted state at the reference scale of 100𝜇m. Figure 2.4 highlights the presence of inter-
aggregate pores, or macro-pores, which can be observed in between groups of aggregates.  
 

 
Figure 2.3: SEM photomicrograph of a sample of MX-80 bentonite compacted to a dry density of 

1.8Mg⁄m3 at the reference scale of 100μm (Seiphoori et al., 2014). 
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Figure 2.4: SEM photomicrograph of a sample of MX-80 bentonite compacted to a dry density of 
1.8Mg⁄m3 at the reference scale of 3μm (Seiphoori et al., 2014). 

The Environmental Scanning Electron Microscopy (ESEM) is a special type of scanning 
electron microscope. This makes it possible to examine wet samples and to preserve their 
natural characteristics for further testing (Romero & Simms, 2008). Monroy et al. (2010) also 
employed the ESEM technique to study compacted London Clay. Figure 2.5 shows the as-
compacted material at a magnification factor of 600×. Both the aggregates as well as the 
inter-aggregate voids are visible in the image. The sizes of the latter are marked in the figure. 
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Figure 2.5: ESEM photomicrograph of a sample of compacted London Clay at a magnification factor 

of 600× (Monroy et al., 2010). 
Figure 2.6 shows an ESEM micrograph of a denser compacted FEBEX bentonite (𝜌 =
1.8	Mg/m.), taken by Lloret et al. (2003) at the reference scale of 20μm, which, similar to 
Figure 2.5, shows the structure of the aggregates and inter-aggregate voids. 

 
Figure 2.6: ESEM photomicrograph of a sample of compacted FEBEX bentonite with a dry density of 

1.8𝑀𝑔 𝑚.⁄  (Lloret et al., 2003). 
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Hydro-mechanical implications of the double structure and microstructural observations 
Some characteristics and features of the behaviour of the double structure fabric have been 
highlighted through the application of the MIP, SEM and ESEM techniques. In order to 
develop an appropriate double porosity numerical framework, it is important to investigate 
how the micro-structure reacts to external loading. Hereafter are some of the most interesting 
findings on the subject: 
 

• whilst reviewing the current knowledge on the micro-structure, Romero & Simms 
(2008) reported many studies (Barden and Sides 1970; Ahmed et al. 1974; Osipov and 
Sokolov 1978; Garcia Bengochea et al. 1979; Prapaharan et al. 1985, 1991; Tessier et 
al. 1992; Delage et al. 1996; Delage & Graham 1996) that illustrate the dependency of 
the micro-structure on the compaction process. According to these sources, for a 
given compacted soil the micro-structure is not unique and strongly depends on the 
stress paths followed to reach the final point in the compaction diagram. However, 
Lloret & Villar (2007) came to a different conclusion, showing that the features of the 
material at the micro-scale are independent of the compaction process. More 
experimental evidence is thus required to clarify this point; 

 
• the deformation of clay particles at the micro-level seem to be reversible. As 

discussed later on in this chapter, the behaviour of the material at the micro-scale is 
mainly dependent on physico-chemical phenomena that take place between the water 
and the clay particles. The understanding of these phenomena is still incomplete. 
Nevertheless, the hypothesis of reversibility is corroborated by some experimental 
works. Romero & Simms (2008) employed the ESEM technique on samples of 
kaolonitic/illitic clay and bentonite to monitor macro-structural and micro-structural 
strains upon a wetting/drying cycle. Figure 2.7 shows the volumetric response of the 
material at the micro- and macro-scale as a function of suction. It can be noted that, 
unlike the macro-structure, the micro-structure experiences reversible strains. 
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Figure 2.7: Macrostructural and microstructural strains during a wetting/drying cycle in samples of 
kaolonitic/illitic clay and bentonite (Romero & Simms, 2008). 

Whilst formulating a constitutive framework for compacted materials, Gens & Alonso 
(1992) stated that the basic particle-cation-water phenomena giving rise to volumetric 
changes at particle level in active clays are essentially elastic. According to Monroy 
(2006), although small irreversible strains had been measured by Warkentin et al. 
(1957), they could be attributed to an initial lack of particle parallelism in the fabric;  

 
• combining tomography techniques and image analysis it can be shown that, while the 

volume and the structure of the macro-pores are strongly affected by the external 
mechanical loading of the soil, the corresponding changes in the micro-pores are 
almost insignificant (Borja & Koliji, 2009); 

 
• on the basis of an MIP investigation, Monroy et al. (2010) showed that the micro-

structural level within the aggregates remained saturated in samples of compacted 
London Clay. With reference to Figure 2.1, the total volume of the sample,	𝑒=, was 
split between intruded porosity, 𝑒?@A, and the porosity that could not be intruded by 
the mercury, 𝑒= − 𝑒?@A. By assuming the latter to remain saturated, it was possible to 
calculate the volume of intruded pore space occupied by water (𝑒; = 𝑒=𝑆5) and air 
(𝑒@ = 𝑒= − 𝑒;), where	𝑆5 is the degree of saturation. Under the assumption that the 
water occupies the smaller pores first, it was verified that the volume of water 
coincided with the volume of pore space up to an entrance diameter of 1𝜇m, which, 
according to the PSD presented in Figure 2.1, is the diameter value that separates 
intra- from inter-aggregate porosities. Although Figure 2.1 refers to a sample in the 
as-compacted state, Monroy et al. (2010) showed similar results for other specimens 
that were subjected to stress paths involving changes in applied stress and suction; 
 



41 
 

• Romero & Simms (2008) documented the hydration of a compacted bentonite sample 
under constant volume. They observed the invasion of the macro-pores by the micro-
structure through ESEM photomicrographs. Figures 2.8(a) and 2.8(b) show the state 
of the fabric prior to and after hydration, respectively. It can be noted that the original 
space between aggregates has reduced due to the swelling of the bentonite particles. 
The average size of the macro-voids has thus decreased. 

 

Figure 2.8: Invasion of the macro-pores by the micro-structure during the hydration of a compacted 
bentonite sample under constant volume: (a) prior to and after (b) hydration (Romero & Simms, 

2008). 
 
2.2.2  Fabric rearrangement 
 
The evolution of the double porosity structure subsequent to different loading conditions has 
been studied in order to detect major structural rearrangements of the fabric and what triggers 
them.  Seiphoori et al. (2014) investigated the microstructural changes in the fabric of MX-80 
bentonite during wetting and drying cycles. Figure 2.9 depicts the micro-structural evolution, 
in terms of the PSD functions, of a sample compacted to initial dry density of 1.8	Mg m.⁄ , 
initial void ratio of 0.53, initial water content of 5% and initial degree of saturation of 26%. 
Line A is measured at the as-compacted state and displays a bi-modal distribution. Line B is 
measured when the degree of saturation of the specimen reached 62%, following a wetting 
path. The double structure is still present, however the peak corresponding to the macro-
pores, at 𝑑~1.5	𝜇𝑚, has decreased while that corresponding to the micro-pores, at 𝑑~20	nm, 
has remained essentially unaffected by the wetting. This is explained by the swelling of the 
clay particles that induce the aggregates to gradually invade the inter-aggregate (macro) 
voids. The wetting mechanism of the particles is a phenomenon of a chemical nature and is 
addressed in the next section. Line D is measured after full saturation and it indicates that the 
double porosity structure has diminished, leaving only a single porosity structure 
characterised by the micro-voids only, which have remained of the same size (𝑑~20	nm) but 
have gained higher concentration (in terms of the PSD function peak). Seiphoori et al. (2014) 
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further assessed that the original fabric arrangement is not recovered upon desaturation and 
subsequent wetting and drying cycles. The SEM photomicrograph in Figure 2.10(a) shows 
the as-compacted state where aggregates and inter-aggregate pores can be distinguished, 
while Figure 2.10(b) shows a fully saturated sample for which the fabric seems 
homogeneous. 

 

Figure 2.9: PSD of a sample of MX-80 bentonite at as-compacted state (lines A and B) and at full 
saturation (line D) (Seiphoori et al., 2014). 

  
(a) (b) 

Figure 2.10: Fabric of a sample of MX-80 bentonite at the (a) as-compacted state, (b) fully saturated 
state (Seiphoori et al., 2014). 

Whilst studying compacted London Clay, with an initial 𝜌# = 1.38 Mg/m3, Monroy et al. 
(2010) also investigated the evolution of the fabric by measuring and comparing the PSDs of 
five different specimens. With reference to Figure 2.11, the lines marked as mta-7, mta-8 and 
mta-9 correspond to samples at different stages of hydration along a wetting path under a 
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constant nominal load of 7 kPa (mta-7 is at the stage closest to the as-compacted condition, 
while mta-9 is closest to full saturation, mta-8 is in-between). Mta-2 represents the fully 
saturated sample while mta-1 the as compacted sample. Figure 2.11 shows how a reduction in 
suction from the original value of approximately 1000 kPa (as-compacted state, mta-1) to 40 
kPa (nearing saturation, mta-9) causes the size of the dominant inter-aggregate (macro) pore 
entrance to remain almost unchanged until a very low level of suction, while that of the intra-
aggregate (micro) pore space increases gradually. Even at a very low value of suction (40 
kPa), there is still a clearly defined bi-modal pore size distribution. However, it is the final 
reduction in suction from 40 kPa to 0 kPa (fully saturated state, mta-2) that causes the double 
structure to become a single structure. Figure 2.5 showed the ESEM image corresponding to 
the as-compacted sample mta-1, while the micrograph of a fully saturated compacted sample 
is shown in Figure 2.12.  

 
Figure 2.11: MIP investigation of five samples of compacted London Clay (Monroy et al., 2010). 
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Figure 2.12: Fabric of a fully saturated sample of London Clay (Monroy et al., 2010). 

By interpreting the experimental results using a Barcelona Basic Model framework (BBM, 
Alonso et al., 1990), Monroy et al. (2010) were able to demonstrate that the double structure 
is in general maintained when the material yields on the Load-Collapse (LC, Alonso et al., 
1990) yield surface. Figure 2.13 shows the PSD functions of samples mta-3 and mta-6. The 
former was loaded at constant moisture content from the as-compacted state, while the latter 
was loaded at constant moisture content from the as-compacted state and then fully saturated 
at constant stress. Both samples are assumed to have reached the LC yield surface. 
Nevertheless, mta-3 retained its original bimodal porosity, while mta-6 is dominated by a 
single pore size. This shows that the fabric changes significantly only upon full saturation.  
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Figure 2.13: PSD of London Clay samples: mta-3 was loaded at constant moisture content and mta-6 
was loaded at constant moisture content and then fully saturated at constant stress. (Monroy et al., 

2010). 
There is still research to be done to confirm or confute the irreversible collapse of the double 
porosity structure into a single porosity structure upon saturation in slightly less dense 
samples. The outcome of this research could clarify whether the evolution of the fabric is dry-
density dependant.  
 
2.2.3  The microstructure 
 
The micro-structure plays an important role in compacted clays. Material properties and 
behaviour under various hydro-mechanical stress states can be better interpreted by studying 
the plethora of physico-chemical phenomena at the aggregate scale, as this influences the 
overall behaviour of the material. 
 
Wetting mechanism, swelling and particle-water interaction 
The expansive behaviour of compacted clays can be explained through the description of the 
wetting mechanism at the micro-scale. As mentioned in Section 2.2.1, the presence of active 
clay minerals, such as montmorillonite, allows clay particles to attract a large quantity of 
water molecules. From a qualitative point of view, a number of studies have suggested that 
hydration is governed by the progressive inclusion of layers of water molecules along the 
surface of the unit clay layers within the clay particle. Saiyouri et al. (1998, 2000, 2004) 
carried out tests on two heavily compacted smectite minerals (FoCa clay and MX-80 clay) 
and showed that the number of layers of water molecules varied from zero in the dry state to 
a maximum number upon full saturation. According to this, each particle swells upon wetting 
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because it is made of a growing stack of clay and water layers. In order to describe the 
hydration of the highly expansive clay minerals better, the structure of the minerals as well as 
a brief description of the concept of particle-water interaction are described.  
 
Experimental techniques such as X-ray diffraction and electron microscopy, allow 
observation of the crystalline structure of clay minerals in more detail. While an accurate 
description of this structure is beyond the scope of this thesis, it is useful to point out that a 
clay particle, or platelet, is made of a number of basic units stacked one over the other and 
that the bonding that holds the basic units together varies for different clay minerals (Monroy, 
2006). The crystalline structure varies its composition frequently due to substitution of ions 
during the process of crystallisation, when the clay minerals are forming. Ions are atoms or 
molecules that have a non-zero net electrical charge. A positively charged ion is called a 
cation and is characterised by fewer electrons (negative charge) than protons (positive 
charge). A negatively charged ion is called an anion and has more electrons than protons. 
Cations and anions attract each other and are able to form ionic compounds because of their 
opposite charge. The process of replacing ions of similar size in crystalline structures is 
called isomorphous substitution and it involves a partial substitution of cations of similar 
radius but lower valence in the basic structural units (Monroy, 2006). As a result of the 
isomorphous substitution, clay minerals acquire a net electrical imbalance that varies in every 
case. The spatial distribution of positive and negative charges within a clay layer also 
contributes to this imbalance. In the case of most clay minerals the net electrical charge is 
negative and it is concentrated along the particle surface. In order to compensate the 
imbalance, clay minerals absorb external cations with whom they form weak bonds. The 
exchanged cations are not usually considered to be part of the crystalline structure of the clay 
mineral because they can easily be substituted by other ions present in the pore fluid 
surrounding the particle. 
 
In the case of montmorillonite, which belongs to the group of Smectites, the adsorption of 
water molecules results in considerable expansion of the particle. This is because the basic 
units are held together by weak Van der Waals forces and external cations only. Therefore, 
these bonds are easily separated by the adsorption of water molecules that increase the 
volume of the clay particle. It is reminded that water molecules are characterised by an 
electrical polarity and, in particular, they have a partial negative charge near the oxygen atom 
and a partial positive charge near the hydrogen atoms. The expansion of Smectite crystals is 
the main source of swelling in expansive soils undergoing wetting (Mitchell, 1993). 
 
In the nuclear waste disposal applications studied in this thesis, the clay material is initially 
very dry and unsaturated. In this condition, the adsorbed water is tightly held by the clay 
particles. Whenever more water is added to a dry clay, new water molecules are attracted to 
the particle surfaces and form hydration films. These films, or hydration envelopes, increase 
in thickness and further separate the clay layers. The attractive forces between water 
molecules and the clay particles decrease until there is no longer attraction.  
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As stressed by Monroy (2006), the mechanical response of clay soils is greatly influenced by 
the degree of hydration of its clay particles and by the magnitude of force fields exerted in 
between clay particles. The most widespread approach to relate clay expansion or 
compressibility to the described particle-water interaction is given by the Gouy-Chapman 
double-layer theory (Gouy, 1910; Chapman, 1913; Mitchell, 1993). 
 
The diffused double layer, sketched in Figure 2.14 by Monroy (2006) after Mitchell (1993), 
is the electrostatic system formed by the negatively-charged surface of the hydrated clay 
particle and the adsorbed ions which are scattered in space. As previously mentioned, the 
concentration of ions decreases with increasing distance from the clay surface. The Gouy-
Chapman theory of the diffused double layer quantitatively describes the ion distribution in 
Figure 2.14 by predicting its theoretical thickness. 

 
Figure 2.14: Schematic representation of the diffused double layer theorised by the Gouy-Chapman 

double-layer theory (Monroy, 2006 after Mitchell, 1993). 

Given the propensity of clay particles to form aggregates, the double-layers interact with each 
other. This interaction generates an electrostatic repulsive force between particles that is 
responsible for the swelling strains or, if the volume of the material is constant, for the 
development of swelling pressures during the hydration of a clay soil.  
 
According to most microstructural studies, this inter-particle repulsion can be calculated 
using the concept of osmotic pressure (Mitchell, 1993). For an osmotic pressure to develop, it 
is necessary for a solvent and solution to be separated by a semi-permeable membrane. 
However, the osmotic pressure in soils is caused by the difference in concentration of ions 
present in the inter-particle space as opposed to that in the bulk fluid. In fact, the negative 
charge on the surface of the clay particles prevents the ions from diffusing freely, thus 
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creating an inter-particle area of very high concentration of ions, as shown in Figure 2.15 
(Monroy, 2006). 

 

Figure 2.15: High concentration of ions in between clay platelets (Monroy, 2006). 
The difference in osmotic pressure between the inter-particle space and the surrounding 
equilibrium solution generates the repulsive pressure between clay platelets and, 
consequently, causes the swelling behaviour or the swelling pressure of the material. If the 
former is allowed, the double layers expand until all areas have the same ion concentration 
and, therefore, are in equilibrium. 
 
Whether the diffused double-layer theory effectively represents the actual clay behaviour is 
an open question. Several attempts have been made to calculate the swelling strain and the 
swelling pressure using the double-layer theory and the concept of osmotic pressure. 
Nevertheless, only a few cases had some degree of success (Gens & Alonso, 1992). It is 
believed that the theory over-simplifies some aspects of the very complex behaviour of soils. 
For example, there are several types of ions and minerals that coexist in a soil and their 
spatial arrangement is non-parallel. Other shortcomings in the assumptions of the theory are 
reported in Monroy (2006). Many theoretical frameworks that aim to replace or integrate the 
diffused double-layer theory have been formulated. It is beyond the scope of this thesis to list 
them. However, it seems apparent that further research on the subject is necessary to clarify 
the roots of the swelling behaviour of expansive clays. 
 
2.2.4  Behaviour in deep geological repositories 
 
There is a widespread agreement that expansive clays are suitable candidates to be buffer 
materials in deep geological repositories. The envisaged applications in nuclear waste 
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disposal have contributed to increased interest in research activities towards the study of 
expansive clays. In order to understand the characteristics of the behaviour of these materials 
in deep geological repositories, it is necessary to describe briefly what a deep geological 
repository is and what is expected of a buffer material. 
 
Deep Geological Disposal Facility (GDF) and the role of the buffer 
GDFs are large facilities, envisaged to be located several hundreds of metres below ground 
and comprising a network of tunnels and boreholes for the long-term storage of the high-level 
nuclear waste. Prior to burial, the radioactive material is sealed inside a corrosion-resistant 
steel or copper canister. The canister is then moved to a deposition cavity (a borehole or a 
tunnel) in the GDF, where the gap between the canister and the cavity walls is infilled with 
blocks or pellets of expansive clay that constitute the buffer. The buffer is thus tasked with 
preventing any form of mutual contamination between the waste and the host formation that 
surrounds the cavity. Expansive clays are qualified to fulfil this task because they possess the 
following, characteristics: 
 

• strong swelling behaviour upon wetting 
 
During their life-span, buffers are envisaged to be wetted by the groundwater present 
in the host formation. As a consequence of this interaction and considering the 
confinement conditions represented by the walls of the cavity, buffers are expected to 
develop a high swelling pressure which ensures that the canister is properly sealed;  
 

• very high density 
 
Buffers are made of compacted material in order to possess the highly swelling 
behaviour that is required to seal the waste; 
 

• very low permeability 
 
Being of very low permeability, buffers prevent the escape of contaminants from the 
canister into the biosphere.  

 
Buffers constitute a layer of the Engineered Barrier System (EBS) that is designed to preserve 
nuclear waste during the time of its natural decay, i.e. thousands of years. EBSs include two 
additional layers which are the natural barrier, i.e. the host formation, and the canister. 
Suitable sites for deep geological repositories are chosen based on the nature of the 
underground formation. Criteria such as the presence of major fracture networks or seismic 
activity are considered for the purpose of maximising safety. 
 
Field observation in large-scale mock-up tests 
In order to observe and monitor the performance of expansive clays as buffers, the operation 
of a deep geological repository has been simulated through large-scale mock-up tests that 
have been performed over a period of time of several years. Given the large amount of 
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resources that is required to perform such experiments, there are only a handful of them. The 
most remarkable ones from recent years are the FEBEX in-situ test (FEBEX, 2017; 
ENRESA, 2000) and the Prototype Repository test (Kristensson & Johannesson, n.d.). While 
a comprehensive numerical study of the former is reported in Chapter 7 of this thesis, only 
some significant features of behaviour are discussed below. These were observed in the 
buffers thanks to the large amount of data produced through monitoring. 
 

• Swelling pressure 
 
In the FEBEX experiment two canisters containing heaters are employed to simulate 
heat generated by the decaying radioactive waste. These two canisters are surrounded 
by the buffer material and placed inside a drift located 450m below the surface in the 
Grimsel test site (FEBEX, 2017). A detailed description of the experiment is given in 
Chapter 7. 
 
The condition of the buffer at the moment of installation is very dry, with the initial 
suction usually of the order of magnitude of hundreds of MPa. During its life-span, 
the buffer is expected to be largely under constant volume conditions, as it can only 
fill the so-called technological voids between compacted blocks and between the 
blocks and the walls of the depositional cavity. As a consequence of these two factors 
and in agreement with the description of the fabric and the swelling behaviour of 
compacted clays reported in the previous sections, the buffer develops a swelling 
pressure. As briefly mentioned above, this swelling pressure, of the order of 
magnitude of several MPa, acting against the walls of the cavity, ensures that the 
nuclear waste is safely sealed. FEBEX (2017) sets a design value of swelling pressure 
at 5 MPa, which is believed to be sufficient to achieve an effective seal and avoid any 
structural damage to the host formation.  
 
Since the development of the swelling pressure is strictly linked to the mineralogical 
composition of the clay (see Section 2.2.3), its value varies for different materials. 
There is widespread agreement that bentonites, among all possible candidates, are 
suitable buffer materials. From a mineralogical standpoint, they contain a very high 
percentage of montmorillonite. Consequently, the development of swelling pressure 
in bentonites is an interesting subject of research which has been explored in the 
present thesis. Chapters 6 and 7 present numerical studies that aim to reproduce the 
measured swelling pressure levels over time, characterising the bentonite behaviour 
during small-scale laboratory tests and a large-scale mock-up experiment, 
respectively.  
 
The swelling pressure starts developing as soon as the confined material is wetted. 
Two examples of its evolution are shown here at two different scales.  Figure 2.16 
shows the axial and radial stresses measured in the laboratory over the period of 400 
hours, on a sample of MX-80 bentonite under constrained hydration (constant 
volume) from a 50 MPa initial suction (data from Dueck et al., 2011, 2014; all details 
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of the experiment can be found in Chapter 6). Similarly, Figure 2.17 shows the 
evolution, over about 6 years, of the swelling pressure in the buffer in one of the 
cross-sections of the large scale FEBEX in-situ test (Martinez et al., 2016), which was 
wetted by the ground water. The material is FEBEX bentonite and the continuous 
measurements are achieved by means of sensors embedded in the clay (all details on 
the FEBEX experiment can be found in Chapter 7). The figures show that, at both 
scales, the swelling pressure increases monotonically as the bentonite is wetted. It can 
be noted that the stress eventually reaches a constant value (around 10 MPa in the 
case of MX-80 and 5 MPa in the case of FEBEX bentonite). This is explained by the 
material becoming fully saturated. In effect, in Figure 2.17 it can be observed that 
only the stress in the external rings of the buffer (sensors E2-03, E2-06 and E2-01, 
closest to the interface with the ground), has reached the target value (at a time of 
around 1800 days). Meanwhile the stress in the inner rings (sensor E2-02, closer to 
the heater) is still increasing. This means that full saturation in the first 6 years of the 
experiment has only happened in the regions of the buffer that are in the proximity of 
the host formation.  
 

 

Figure 2.16: Swelling pressure measured in a sample of MX-80 bentonite during a swelling test (data 
from Dueck et al., 2011, 2014). 
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Figure 2.17: Evolution over time of the swelling pressure in the buffer of the FEBEX in-situ test 

(Sensors data report, 2003). 

 
The swelling pressure is also influenced by factors such as the initial conditions and 
the dry density of the material, because, as discussed in Section 2.2.1, the micro-
structure depends on the compaction process. Dueck et al. (2011, 2014) compared the 
results of a series of swelling pressure tests on compacted MX-80 bentonite with an 
empirical exponential curve relating the maximum swelling pressure achieved upon 
saturation with the dry density of the sample at the beginning of the wetting process 
(Börgesson et al., 1995). The match is reported in Figure 2.18 and it is fairly good. As 
part of the numerical investigation in Chapter 6, the outcome of the analyses is 
compared with the aforementioned empirical curve. 
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Figure 2.18: Empirical exponential relationship between the dry density and the maximum swelling 
pressure proposed by Börgesson et al. (1995) and matched with data from Dueck et al. (2011, 2014). 

 
• THM interactions 

 
The decay of high-level radioactive material is a process that generates a large amount 
of heat. Consequently, the buffer interacts with the waste-containing canister as if the 
latter were a source of heat that propagates towards the host formation. This thermal 
interaction is happening at the same time as the hydraulic interaction between the 
buffer and groundwater, therefore the buffer is heated from its internal boundary with 
the canister and it is wetted from its external boundary with the host formation. 
 
The advancement of the water front within the buffer is influenced by the heat flux 
that is parallel but heading in the opposite direction. As a consequence of this, 
measuring relative humidity (RH) in the buffer shows different growth rates based on 
the measuring point. Figure 2.19 shows the RH measurements from one of the 
transverse cross-sections of the FEBEX experiment. It can be noted that the external 
ring of clay soaks in water faster than those of the middle and inner rings. This 
difference in the wetting rates tends to reduce as the experiment progresses and the 
overall material becomes closer to full saturation.  
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Figure 2.19: RH measurements from a transverse cross section of the FEBEX experiment (Sensors 

data report, 2003). 

 
• The process of homogenisation 

 
The long-term state of the buffer is a complex by-product of the concurring THM 
interactions that take place in a deep geological repository. Additional chemical and 
physical effects also take place, however they are out of the scope of the present 
thesis. Upon the re-saturation that takes place during its entire life-span, the buffer is 
expected to evolve towards a homogenised state, with this time-related process known 
as homogenisation. In effect, it is desirable that, after a transient phase, the barrier is 
in a state that is as uniform as possible in terms of stress, suction, degree of saturation, 
density, permeability and temperature, in order to avoid preferential paths for the 
migration of nuclides. The degree of homogenisation achieved by the buffer after a 
period of observation can be evaluated from data obtained through post-mortem 
measurements of different experiments (Gens et al., 2013). At the end of the in-situ 
FEBEX experiment, the buffer and the canister were dismantled, allowing the 
observation of the state of the materials following almost 20 years of operation. 
Martinez et al. (2016) noted that overall the bentonite showed a solid appearance, 
even in the area close to the host formation. The blocks from the inner ring were 
generally drier than those in the middle and external rings. No free water was 
observed in the proximity of the host formation. Furthermore, while the interfaces 
between different blocks were still visible upon dismantling, especially in the inner 
and intermediate ring, all technological gaps were entirely closed. This is evident 
comparing Figure 2.20(a), which presents the FEBEX cross-section upon installation 
of the experiment, with Figure 2.20(b), which shows the same section at the moment 
of the final dismantling 18 years later. 
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(a) (b) 

Figure 2.20: FEBEX drift (a) upon installation of the experiment, (b) at the final dismantling 
(FEBEX, 2017). 

In the FEBEX in-situ test, it has been shown that a fully homogenised state is not 
reached by the end of the experiment. Figure 2.21 shows the contours of dry density 
based on a number of direct measurements in a transverse cross-section of the cavity 
(Martinez et al., 2016). The material has become denser in the central part of the 
section (𝜌# of up to 1.7 Mg/m3 from the initial 1.6 Mg/m3 dry density) and looser in 
the proximity of the interface with the host formation (𝜌# of around 1.44 Mg/m3). 
 

 
Figure 2.21: Dry density distribution in a transverse cross section of the FEBEX experiment 

(Martinez et al., 2016). 

It should be noted that many factors contribute to the homogenisation of the buffer 
material, because the deep geological repository hosts many superimposing 
interactions. For this reason, it is of great interest to study the homogenisation in a 
more controlled environment, such as the laboratory. Figure 2.22 shows the 
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distribution of dry density along the height of a MX-80 bentonite sample that has 
undergone axial swelling (Dueck et al., 2011). Similar to Figure 2.21, the material has 
become looser in the proximity of the swelling boundary, hence the homogenised 
state has not been reached. Compacted bentonites take a long period of time to 
homogenise. This is reasonable considering their water permeability usually ranges 
between 10NO. m s⁄  and 10NOQ m s⁄ . 

 
Figure 2.22: Distribution of dry density along the height of a MX-80 bentonite sample that has 

undergone axial swelling (Dueck et al., 2011). 
 

• Issues with large-scale testing 
 
It can be very difficult to interpret the behaviour of expansive clays from large-scale 
tests. The characteristics of the host formation can greatly influence the evolution of 
the state of the material. For example, the presence of a network of fractures in the 
host can significantly speed up the re-saturation process locally. This was the case of 
the Prototype Repository test (Kristensson & Johannesson, n.d.). This experiment 
simulates a part of a GDF and is located at 450 m depth in the test site of Äspö in 
Sweden.  It comprises a circular access tunnel, 65 metre long and 5 metre in diameter, 
and six vertical deposition holes, 8.37 m deep and 1.75 m in diameter. A schematic 
view of the construction is presented in Figure 2.23 (Kristensson & Johannesson, 
n.d.). Each deposition hole is equipped with a copper canister, containing a heater in 
place of the nuclear waste, and a buffer made of compacted MX-80 bentonite blocks. 
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Figure 2.23: Schematic view of the Prototype Repository test (Kristensson & Johannesson, n.d). 
Based on the measurements of relative humidity from several sensors it was noted 
that deposition hole 1 was close to full saturation after less than two years (Figure 
2.24, Johannesson et al., 2007). In the same time frame, the relative humidity in 
deposition hole 3 was between 60% and 70% (Figure 2.25, Johannesson et al., 2007). 
This is explained by considering the fractures in the host rock that are irregularly 
distributed in the ground, giving rise to preferential flow patterns that cause the 
irregular water inflow towards the deposition holes. It should be noted that it is a 
challenge to investigate comprehensively the morphology of the host rock, given the 
depth at which repositories are usually located.  

 
Figure 2.24: Evolution of relative humidity for the deposition hole 1. Temperature is also reported in 

red (Johannesson et al., 2007). 
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Figure 2.25: Evolution of relative humidity for the deposition hole 3. Temperature is also reported in 

red (Johannesson et al., 2007). 

 
2.2.5  Self-healing property 
 
Expansive clays also possess a self-healing characteristic, making these materials even more 
appealing for nuclear waste disposal applications. During its life-span, a buffer can encounter 
a loss of material due to, for example, physical damage or erosion. It is therefore very 
important that the clay is able to recover its original status by filling, through swelling, any 
newly-created void. This would guarantee that the waste in the canister is prevented from 
having contact with groundwater at all times. Furthermore, the self-healing property ensures 
that the gaps between blocks of compacted clay are filled over time by the buffer itself, as 
was observed in the FEBEX in-situ experiment. 
 
However, the experimental investigation of the self-healing property is still limited. To the 
author’s knowledge, the only relevant example found in the literature is from Dueck et al. 
(2015), who tested compacted MX-80 bentonite by first inducing a loss of material and then 
observing the volumetric evolution of the sample. This experiment is numerically 
investigated in Chapter 6. 
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2.3 EXISTING MODELLING FRAMEWORKS 
2.3.1  Introduction 
 
The modelling of compacted, highly expansive clays is different to that of moderately 
expansive clays. The double porosity structure induced by the compaction process has to be 
integrated in the modelling in order to reproduce the wetting mechanism and subsequent 
swelling behaviour as accurately as possible.  
 
While there is general consensus that the mechanical modelling of moderately expansive 
clays is well captured by the Barcelona Basic Model (BBM, Alonso et al., 1990), the 
modelling of compacted expansive clays is still an open problem because the knowledge of 
the fundamental, micro-structural mechanisms is still limited. Several constitutive models 
have been proposed in recent years to simulate the mechanical behaviour of unsaturated soils. 
Three of these models have been selected from the literature and are briefly reviewed in the 
following sections. 
 
An alternative approach to modelling compacted clays considers the double porosity structure 
in the water retention behaviour. This route has been followed by Dieudonne et al. (2017), 
which is also described here. 
 
2.3.2  Barcelona Expansive Model 
 
Alonso et al. (1990) specified that the BBM was intended for the modelling of moderately 
expansive materials. Two years later Gens & Alonso (1992) provided the conceptual basis for 
the development of a framework that was specifically conceived for highly expansive clays. 
The main assumptions of the Barcelona Expansive Model (BExM) formulation were formally 
given in Alonso et al. (1999) and its implementation into the finite element program Code 
Bright (Code_Bright, 2017) was proposed by Sanchez et al. (2005). The BExM is a 
widespread constitutive framework for unsaturated, highly expansive clays. 
 
Conceptual framework 
Gens and Alonso (1992) extended the BBM framework in order to numerically reproduce the 
large irreversible volumetric changes experienced by highly expansive soils. The BBM 
framework allowed only for small reversible swelling in the elastic region. Micro-structural 
effects were incorporated explicitly in the formulation, so that two levels of soil structure 
were considered. The first level was the micro-structure that corresponds to the clay 
aggregate, made of clay platelets and intra-aggregate pores. The second level was the macro-
structure that comprises closely-packed aggregates and macro-pores between them. In 
agreement with the experimental evidence and theories available at the time, Gens and 
Alonso (1992) stated that “the behaviour of unsaturated expansive clays is closely associated 
with the mechanical and physico-chemical phenomena occurring at particle level, i.e. at the 
micro-scale, which are a consequence of the particular properties of the active clay minerals 
contained in the soil. However, those interactions take place in a soil structure, i.e. the 
macro-scale, where other factors have a significant role in the observed behaviour: the most 
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important among these is the negative pore pressure, or suction, associated with capillary 
water that has a relatively large mobility within the macroscopic network of voids”. 
 
The deformation of the micro-structural level was assumed independent of macro-structural 
effects, while the micro-structure could affect the macro-structure. The micro-structure 
remained saturated even when the soil was unsaturated overall. Consequently, the effects of 
changes of suction and of external applied stress are equivalent, according to the principle of 
effective stress. The behaviour of the micro-structure was described in a simple manner, as 
the available information on its nature was scarce. Its deformation was assumed to be always 
reversible, however it affected the soil skeleton by modifying the macro-structural void ratio 
and by moving the Load Collapse (LC) curve (Alonso et al., 1990). For example, micro-
structural swelling caused the micro-structural void ratio to increase and the LC curve to 
move towards the left on the p – s plane, indicating material softening.  
 
Alonso et al. (1999) accepted most elements from Gens & Alonso (1992) and formally 
introduced the BExM, as depicted in Figure 2.26 in the 𝑝 − 𝑠 plane. The increment of micro-
structural volumetric strain depends only on the increment of mean effective stress, 𝑑𝑝T =
𝑑(𝑝 + 𝑠), where p is the mean net stress and 𝑠 is the suction. Upon external loading, if 𝑑𝑝T =
0, the current stress state of the micro-structure moves on the Neutral Line (NL) along which 
no micro-structural strain takes place. The NL is introduced to separate the regions of micro-
structural swelling and shrinkage. The Suction Increase (SI) and Suction Decrease (SD) lines 
are yield surfaces that bound the elastic region around the NL. The latter, which moves with 
the stress state, can reach either the SI or SD surface, hence producing macro-structural 
plastic strains induced by the micro-structure.  

 
Figure 2.26: Conceptual framework of the BExM on the p – s plane (Alonso et al., 1999). 
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When SD is activated the following relationship holds: 

   (2.1) 

and when SI is activated: 

   (2.2) 

where 𝑓X and 𝑓Y are coupling functions which allow the expression of the micro-structurally 
induced increment of macro-structural strains, 𝑑𝜀[\

] , as a fraction of the increment of micro-
structural strains, 𝑑𝜀[?^ . The latter are obtained by dividing 𝑑𝑝T by the micro-structural bulk 
modulus, 𝐾?. Alonso et al. (1999) qualitatively elaborate the shape of the coupling functions 
that is shown in Figure 2.27. The magnitude of the interaction functions depends on the ratio 
𝑝 𝑝=⁄ , where 𝑝= is the isotropic yield stress. This ratio expresses the distance of the current 
stress state from the LC curve on the p – s plane, hence when 𝑝 𝑝=⁄  is low it indicates a dense 
macro-structure and when 𝑝 𝑝=⁄  is close to unity it indicates a loose macro-structure. 

 
Figure 2.27: Qualitative shape of the interaction functions (Alonso et al., 1999). 

 
Model formulation and implementation 
Sanchez (2004) and Sanchez et al. (2005) describe the formulation and implementation into 
Code Bright of a double structure model based on the principles of the BExM. The 
constitutive behaviour of the macro-structure is described by the BBM, while the micro-
structure is saturated, elastic and volumetric, as described in the previous paragraphs. The 
elastic region shown in Figure 2.26 is considered to coincide with the NL for simplicity (i.e. 
SI and SD are both coincident with the NL). The two levels of structure are coupled, as 
micro-structural changes are allowed to modify the global arrangement of aggregates in an 
irreversible way through Equations (2.1) and (2.2), where the increment of macrostructural 
plastic strains, 𝑑𝜀[\

] , is assumed to be a fraction of the increment of micro-structural elastic 
strains, 𝑑𝜀[?^ . Hence, the total incremental strains are expressed as follows: 

p e
vM D vmd f de e=

p e
vM I vmd f de e=
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   (2.3) 

where 𝑑𝜀],\ is the plastic strain induced by the macro-structural yielding, while 𝑑𝜀],? is the 
plastic strain induced by the micro-structural yielding, i.e. the interaction mechanism. Given 
the difficulty of developing an appropriate yield function for the plastic micro-macro 
interaction mechanism, it was decided to employ the framework of generalised plasticity 
theory for its formulation. A loading and unloading direction, a plastic flow direction, and a 
plastic modulus are thus defined in Sanchez (2004) and Sanchez et al. (2005). 
 
The stress-strain relation that governs the model takes the following form: 

   (2.4) 

where 𝐷^] is the elastoplastic matrix and 𝛾c is the matrix that links increments of suction to 
increments of stress. Sanchez et al. (2005) also accounts for temperature in the model, 
however that is omitted here as it is beyond the scope of this thesis. While all details can be 
found in the given reference, it is specified here that one equation of the system (2.4) is of 
macro-structural nature, while the other is of micro-structural nature. The former follows 
from the expression of the consistency equation, while the latter follows from the principles 
of generalised plasticity.  
 
2.3.3  Masin (2013) model 
 
Masin (2013) proposes a formulation for a double structure hydro-mechanically coupled 
model for compacted unsaturated clays, which is depicted in Figure 2.28. As in the BExM, 
both macro-structure (M) and micro-structure (m) are considered. Independent coupled 
hydro-mechanical models are considered for each structural level. In particular, mechanical 
and hydraulic models are defined for each level of structure and each HM coupling is 
achieved by linking the effective stress formulation (mechanical behaviour) with the water 
retention model (hydraulic behaviour). This reference gives independent measures of macro-
mechanical and micro-mechanical effective stresses. The global response of the material is 
obtained considering micro-structural and macro-structural contributions linked by a coupling 
function.  

, ,e p M p md d d de e e e= + +

ep sd D d dss e g= +
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Figure 2.28: Conceptual framework of the Masin model (Masin, 2013). 

The model defines the total void ratio,	𝑒, the macrostructural void ratio, 𝑒\, and the 
microstructural void ratio, 𝑒?. The incremental forms of these quantities are tied to the total 
strain rate, 𝜀, macrostructural strain rate, 𝜀\, and microstructural strain rate, 𝜀?, respectively. 
Masin (2013) assumes that the volume change of individual grains in the soil skeleton does 
not imply any change of the skeletal void ratio (pore volume over solid volume), provided the 
skeleton configuration remains unchanged. Consequently, the increase of pore volume caused 
by grain swelling is in the same fraction as the increase of solid volume in order to keep the 
void ratio constant. Consistent with this observation, the macro-void ratio is defined as 𝑒\ =
𝑉]\ 𝑉e⁄ , where  𝑉]\ is the macro-pore volume and 𝑉e is the total volume of aggregates. The 
micro-structural void ratio is instead	𝑒? = 𝑉]? 𝑉c⁄ , where	𝑉]? is the micro-pore volume and 
𝑉c is the total solid volume. The total void ratio, i.e. f𝑉]\ + 𝑉]?g 𝑉c⁄  , cannot be defined as the 
sum of 𝑒\ and 𝑒?, as a framework such as the BExM would assume, but is equal instead to a 
function of 𝑒\ and 𝑒? that is reported in Masin (2013). Analogous reasoning leads to the 
degree of saturation being a function of the macroscopic and of the microscopic degrees of 
saturation. The model also accounts for the possibility that aggregates might partly occlude 
the macro-pores upon swelling. This implies that the deformation of the macro-skeleton and 
the deformation of aggregates do not always both fully contribute to the overall deformation, 
i.e. total strain rate is a function of the deformation of the aggregates, the deformation of the 
macro-skeleton and of the factor 0 ≤ 𝑓? ≤ 1 which quantifies the level of occlusion of 
macro-porosity by aggregates. For example, when 𝑓? = 1 then the swelling or shrinking of 
the aggregates induces the same swelling or shrinking in the soil sample. 
 
Macro-structure and micro-structure are thus linked by the relations defining the overall 
strain rate, the degree of saturation and void ratio. Since the two levels of structure are 
considered separately, each of them initially qualifies as single porosity medium for which 
the effective stress is defined according to Bishop (1959). 
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In terms of the mechanical model, the macro-skeleton is described using the hypoplastic 
model for unsaturated soils by Masín and Khalili (2008) which predicts irreversible 
behaviour even inside the state boundary surface. This represents a point in common with the 
BExM, where the LC curve could move even when the stress state lies inside the elastic 
region, thanks to the multi-scale interaction. Such characteristic allows the frameworks to 
improve their respective predictive capabilities with expansive soils. The micro-structure is 
assumed to be permanently fully saturated, as the small pore size of the micro-pores is 
believed to induce a very high value of air-entry suction. Consequently, the effective stress 
principle holds. The behaviour of the microstructure is assumed to be reversible. 
Experimental evidence has shown that loading (compaction) influenced predominantly the 
macro-voids, which close up with increasing load. Micro-porosity remains mostly untouched, 
hence implying that the aggregate deformation is reversible, as the porosity of the sample is 
measured both prior and after loading. Unlike the BExM, a simple volumetric model is 
adopted for the micro-structure. Finally, in terms of characterisation of the retention 
properties of the macro-structure, the model from Masin (2010) was adopted, which accounts 
for the effects of hydraulic hysteresis and for void ratio dependency. The water retention 
curves are independent of density in the high suction range. In this case, the water in the 
compacted materials is retained inside the clay aggregates (macro-porosity is dry) and, as 
anticipated, the size of micro-pores is independent of the compaction load. Meanwhile, in the 
lower suction range, micro-pores are saturated (due to the high air entry value of suction) and 
the water retention behaviour is governed by the partially saturated macro-structure. Further 
details on the constitutive models can be found in Masin (2013). 
 
Masin & Khalili (2016) further discussed the possibility of applying or adapting the concept 
of effective stress to unsaturated double structure materials. The stress state in highly 
compacted clays is defined by taking into account certain features of the double structure 
fabric. In particular, the overall stress transferred by the clay, called structural stress 𝜎c in the 
reference, comprises the mineral stress, 𝜎?, which is transferred through the crystal structure 
of the clay mineral by means of edge-to-face contacts, and the interparticle stress, 𝜎iNe, 
which is transferred through diffuse double layers and crystalline water layers acting at face-
to-face contacts. Figure 2.29 shows that the crystalline water is entrapped in the interlayer 
space between two clay platelets, meanwhile the double-layer water is present between 
individual clay particles. The remaining water in-between aggregates constitutes the 
equilibrium solution. Particle faces are parallel to the stack of clay layers, while particle 
edges are orthogonal. 
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Figure 2.29: Double structure representation in Masin & Khalili (2016). 

Hence the relative proportion of the edge-to-face and face-to-face contacts within the fabric 
of the specimen is important for the mechanical properties of the soil and it has to be 
represented by means of a state variable. The latter should be related to the void ratio because 
it characterises the overall density of the particles, though the void ratio alone is likely to be 
insufficient to describe the structural arrangement of particles.  
 
Masin & Khalili (2016) define the structural stress,	𝜎c, as follows: 

   (2.5) 

where 𝜎jkj is the total stress and 𝑢; is the pore water pressure. This is schematically 
represented in Figure 2.30. Such an approach to the effective stress theoretically allows a full 
definition of the constitutive model within the effective stress space.  

 

Figure 2.30: Representation of the effective stress proposed in Masin & Khalili (2016). 

s tot
wus s= -
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2.3.4  Choo et al. (2016) model 
 
The following approach to the modelling of compacted soils is quite different from the 
previous two. Choo et al. (2016) develops a thermodynamically consistent theoretical 
framework for the hydro-mechanical modelling of unsaturated flow in double-porosity 
media. The double-porosity concept is tackled using the continuum modelling of materials 
with two pore scales. In particular, the studied conceptual framework is that of a mixture 
which comprises two pore regions overlapping within the solid matrix. Macro-pores and 
micro-pores are assumed to be filled with water and air. As shown in Figure 2.31, the overall 
behaviour of the material is given by the superposition of the solid matrix, which includes the 
micro-pores, and the macro-pores. 

 

Figure 2.31: Conceptual representation of a porous media in Choo et al. (2016). 
The solid matrix, as well as air and water are characterised by the definition of volume 
fractions and mass densities. The maths employed is rather long to be reported here in its 
entirety. However, as an example, the expression of the balance of volume fractions, 𝜙, is 
written as:  

   (2.6) 

where the subscript M stands for macro-structure, m for micro-structure, w for water and a for 
air, meanwhile s stands for solid. Consistent with this representation of the double porosity 
structure, Choo et al. (2016) formulates the balance of mass, the balance of linear momentum 
and the balance of internal energy. The latter follows from the first law of thermodynamics, 
which is: 

   (2.7) 

where K is the kinetic energy, I is the internal energy, and P is the total power in a solid–fluid 
mixture exhibiting double porosity. Following the work of Borja & Koliji (2009), the balance 
of internal energy is expressed as the sum of five pairings of energy-conjugated constitutive 
variables. The first pair is constituted by the effective stress in the solid skeleton and the rate 
of deformation of the solid. Both Borja & Koliji (2009) and Choo et al. (2016) stress the 
importance of introducing the effective stress this way in order to guarantee its consistency 
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from a thermo-dynamics standpoint. The second pair is constituted by the flow vector and the 
pore water pressure at each pore scale. The third pair is among the local matric suction and 
the local degree of saturation for a given volume fraction. The fourth pair involves a mass 
transfer term between the levels of structure, while the fifth pair involves mean pore pressure 
difference and the macro-pore volume fraction. For the infinitesimal theory the latter 
contribution is considered negligible. Choo et al. (2016) state that, in principle, all conjugated 
couples figuring in the balance of internal energy are the state variables that must be linked 
via constitutive laws. Nevertheless, no specific elastoplastic constitutive law is indicated for 
the stress – strain pair.  
 
2.3.5  Dieudonne et al. (2017) model 
 
Dieudonne et al. (2017) present a soil water retention model that accounts for different 
retention mechanisms in different water retention domains present in compacted bentonites. 
Namely, as previously discussed in the chapter, in the intra-aggregate (micro) pores water is 
retained through adsorption, while in the inter-aggregate (macro) pores through capillarity. 
Using this approach, Dieudonne et al. (2017) aim at capturing the effects of the significant 
swelling upon wetting experienced by compacted clays through their water retention 
behaviour.  
 
Conceptual framework 
For high suction values, the adsorption mechanism is dominant. In this micro-structural water 
retention domain the amount of water stored in the soil is not affected by the dry density and 
it is mainly controlled by the physico-chemical properties of the clay minerals. On the 
contrary, for lower suction values, the water content is sensitive to variations in dry density 
because it is stored by capillarity in the macro-pores (macro-structural water retention 
domain). When density increases, the total volume of the voids decreases and the size of the 
macro-pores decreases. The physico-chemical effects that are at the base of water adsorption 
are assumed to be mainly reversible, unlike the mechanism of capillary retention. 
 
The boundary conditions applied to a sample also affect the soils’ retention properties. For a 
given suction, the amount of water stored under free swelling conditions is larger than it is 
under constant volume. Furthermore, the lack of restraints allows significant volumetric 
strains during wetting or drying, hence significant variations of the dry density. The 
simultaneous changes in both water uptake and volume cause superimposing effects on the 
degree of saturation. Dieudonne et al. (2017) highlight this using the following expression: 

   (2.8) 

where 𝑆5 is the degree of saturation, 𝑒; is the water ratio, expressing volume of water over 
volume of solid, and e is the void ratio. This implies that, in the case of an unconfined 
sample, the decrease of suction might not necessarily cause the degree of saturation to 
increase, as the water uptake affects the water ratio but, at the same time, the swelling strains 
developed during wetting affect the void ratio. 
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Model Formulation 
In agreement with the conceptual framework, the model accounts for two water retention 
domains: the adsorption-dominated intra-aggregate pore space and the capillarity-dominated 
inter-aggregate pore space. The water ratio is thus expressed as the sum of two contributions: 

   (2.9) 

where 𝑒? is the micro-structural void ratio,  𝑒\ is the macro-structural void ratio, 𝑆5? is the 
micro-structural degree of saturation, being the volume of water in the micro-pores over the 
volume of the micro-pores, and 𝑆5\ is the macro-structural degree of saturation, being the 
volume of water in the macro-pores over the volume of the macro-pores. 
 
The water retention behaviour of the micro-structure is described using Dubinin’s adsorption 
isotherm (Dubinin and Radushkevich, 1947), while Kelvin’s law is employed to express the 
relative humidity. All equations leading to a compact expression for 𝑒;? can be found in 
Dieudonne et al. (2017). The evolution of the micro-structure upon wetting or drying paths is 
expressed through the formulation of an evolution law of the micro-structural void ratio,	𝑒?, 
as a function of the water ratio, 𝑒; (Della Vecchia et al., 2015). The authors suggest that the 
model parameters governing the micro-structural evolution can be estimated from MIP 
investigations. In particular, in order to obtain sufficient information to define the complete 
retention model, several PSD functions are necessary. Alternatively, the parameters can be 
correlated to soil properties such as the activity index, expressed as the ratio between the 
plasticity index and the percentage of clay-sized particles. 
 
The water retention behaviour of the macro-structure is modelled with a Van Genuchten (Van 
Genuchten, 1980) expression that is modified in order to account for the influence of the 
inter-aggregate (macro) void ratio on the air-entry value. For example, the lower the dry 
density, the lower the suction needed to empty the macro-pores. 
 
 
2.4 SUMMARY AND CONCLUSIONS 
2.4.1  Material behaviour 
 
Some of the most important features of compacted unsaturated expansive soils are identified 
in this chapter:  
 

• double porosity structure 
 
The fabric of clays compacted on the dry side of optimum moisture content presents a 
double porosity structure. One porosity level is the macro-porosity (or inter-
aggregate), and the other is the micro-porosity (or intra-aggregate). The macro-
porosity is the network of inter-aggregate voids, or macro-pores, that separate groups 
of aggregates and that are filled with water and air. At this scale, the fabric 
corresponds to the macro-structure. The micro-porosity is the void space within an 
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aggregate, i.e. the micro-pores, or intra-aggregate voids. Each aggregate has the 
structure of a stack where layers of clay mineral alternate with layers of water. At this 
scale, the fabric corresponds to the micro-structure. The micro-pores are usually 
saturated. 
 
The double porosity structure has been documented through the use of Scanning 
Electron Microscopy (SEM), Environmental Scanning Electron Microscopy (ESEM) 
and Mercury Intrusion Porosimetry (MIP). These techniques have allowed 
quantitative and qualitative observations about compacted materials. Among the 
findings are the following: 
 

• the influence of the compaction process on the characteristics of the micro-
structure is still unclear 

• the deformation of the clay particles of the micro-structure seems to be 
reversible 

• contrary to the macro-pores, the volume and the structure of the micro-pores is 
barely affected by the external mechanical loading of the soil 

• the micro-structural level within the aggregates remains saturated in spite of 
changes in suction and load 

• upon hydration under constant volume,  the micro-structure tends to invade the 
macro-pores 

 
The current understanding of micro-structural phenomena is still limited, hence the 
information produced from microstructural studies, MIP, ESEM or SEM, is not easily 
related to the mechanical properties of clays. 

 
• fabric rearrangement 

 
Upon full saturation, the double porosity structure of expansive clays disappears. 
MIP- and SEM-based analyses indicate a transition from a double to a single porosity 
structure. After saturation the bimodal shape of the PSD curve diminishes into a 
single-peak shape and the photomicrographs show a more homogeneous fabric. This 
fabric rearrangement has been proven to be irreversible by analysing the behaviour of 
the material along the subsequent drying path.  

 
• micro-structure 

 
The behaviour of the micro-structure is guided by physico-chemical processes taking 
place at the micro-scale. Hence the mineralogical composition of the clay particles is 
important. Conversely, the evolution of the macro-structure depends on the negative 
pore pressure (i.e. suction). 
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• behaviour in deep geological repositories 
 
Expansive clays are ideal buffer materials to be employed in deep geological 
repositories for the long-term storage of high-level nuclear waste. They have a strong 
swelling behaviour upon wetting, a very high density and a very low permeability. 
Consequently, they provide an effective and safe seal for the waste when they are 
soaked by the groundwater present in the host formation. Any form of contamination 
of the environment by nuclides should thus be prevented.  
 
The performance of expansive clays as buffers is observed in large-scale repositories 
mock-up tests that are performed over a period of time of several years. The FEBEX 
in-situ test and the Prototype Repository test were among the most notable 
experiments carried out in recent years. Thanks to the large amount of data produced 
through monitoring, some significant features of behaviour of the buffer materials 
were observed: 
 

1. Upon wetting, the buffer, which is initially very dry, develops a swelling 
pressure acting against the walls of the borehole. This pressure guarantees that 
the nuclear waste is safely sealed and its order of magnitude is of several MPa. 
 

2. The waste is a source of heat that propagates through the buffer and towards 
the host formation. Therefore, the long-term status of the buffer is the result of 
complex THM interactions. 

 
3. Buffers tend to a homogenised state through a process that is called 

homogenisation. It is desirable that the barrier is in a state that is as uniform as 
possible, in order to avoid preferential paths for the migration of nuclides. 
However, the transient phase that precedes the homogenised state has not been 
completed in any of the observed large-scale repositories mock-up tests. 
Homogenisation also appears to be incomplete in the majority of the observed 
laboratory experiments, hence the amount of time required for it is unclear. 

 
4. The characteristics of the host formation greatly influence the evolution of the 

buffer. 
 

• self-healing property 
 
Upon a loss of material or upon erosion, expansive clays possess the ability to self-
heal. They are able to recover their original status by filling any newly-created void.  
In nuclear waste disposal applications, this guarantees that the waste is always 
prevented from polluting the groundwater. Experimental investigation of this self-
healing property is still limited. 
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2.4.2 Constitutive models 
 
The modelling of unsaturated expansive soils represents a niche in the more general 
unsaturated soil modelling. The frameworks that were conceived for non-expansive materials 
fail to reproduce the strong swelling behaviour observed in compacted clays. There is general 
agreement on the importance of taking the double porosity structure into account in the 
numerical formulation. However, the limited knowledge of the microstructural phenomena 
has led to a variety of different approaches. Hereafter are some recurring assumptions: 
 

• the micro-structure is saturated as its air-entry value of suction is very high due to the 
low pore size. 

• external loads have a very limited influence on the size of the micro-pores, while they 
influence predominantly the macro-voids, which close up with increasing load. 

• the microstructural behaviour is reversible in the sense that the clay particles can only 
experience reversible strains. 

• in order to capture the swelling behaviour it is important to predict irreversible 
behaviour even inside the yield surface, or the state boundary surface in the case of a 
hypo-plastic model. 

• the contribution of the micro-structure to the overall behaviour is still an open 
problem. From a phenomenological point of view, it has been observed that the 
aggregates partly occlude the macro-pores upon swelling. However, a quantitative 
representation of this occurrence has not been formalised yet into a mechanical law 
with a good degree of confidence. 

• the extension of the concept of effective stress to unsaturated double porosity 
materials has been proposed in different ways, however its applicability remains to be 
validated. 

• it is important to include the description of the fabric in the numerical model. This 
implies considering state parameters that inform about the micro-structure. The most 
popular choice is the micro-structural void ratio which is envisaged to characterise the 
overall density of the particles. Nevertheless, it has been pointed out that this void 
ratio alone does not describe the structural arrangement of the particles. 
 

An alternative approach to considering the double porosity structure in the mechanical 
constitutive model is considering it in the retention model instead. This can be achieved by 
assuming separate water retention domains for the macro-structure and for the micro-
structure. In the former water is stored by capillarity, while in the latter by adsorption.  
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 CHAPTER 3:  EVALUATION OF EXISTING ICFEP CAPABILITIES FOR 
CONSTITUTIVE MODELLING OF UNSATURATED CLAYS 

 
 
3.1 INTRODUCTION 
The current chapter focuses primarily on two tasks: the first task is reviewing the capabilities 
of the Imperial College Finite Element Program (ICFEP) (Potts & Zdravkovic, 1999, 2001) 
which are relevant to the constitutive modelling of unsaturated soils. The second task is 
assessing the performance of ICFEP available at the commencement of the present project, 
when analysing increasingly expansive materials. 
 
The finite element theory and the constitutive models discussed in this chapter represent the 
starting point for further numerical development (which will be discussed in Chapters 4 and 
5), aimed specifically at reproducing the behaviour of unsaturated, highly expansive clays. To 
that extent the analysis of the performance of the current ICFEP capabilities, when modelling 
expansive soils, provides an invaluable input for the improvement of the existing constitutive 
framework. 
 
 
3.2 FINITE ELEMENT FORMULATION FOR UNSATURATED SOILS 
3.2.1 Stress-strain equations 
 
Strain changes in an element of saturated soil are caused by both total stress and pore water 
pressure changes, which can be combined in a single stress variable, the effective stress. For 
unsaturated soils an effective stress approach is not able to describe fully their volumetric 
behaviour, in particular wetting induced collapse. Furthermore, as the voids are infilled with 
water and air, the weight of total stress and pore water pressure changes in inducing strains is 
not equal. Thus, the description of unsaturated soil behaviour requires the employment of two 
independent stress state variables, which both contribute to the generation of total strains (a 
sum of elastic and plastic strains). Consequently, the formulation of the stress-strain 
relationship in the finite element method cannot be expressed in terms of a single elasto-plastic 
stiffness matrix, !𝐷#$%, but requires instead an additional matrix for a full formulation. This 
fundamental process, already described in Georgiadis (2003) and Tsiampousi (2011), is 
summarised below, as it forms the basis for further development. 

The two stress variables adopted in ICFEP are the equivalent stress:  

   (3.1) 
and the equivalent suction:  
   (3.2) 

where 𝜎'#( = 𝜎(*( − 𝑢- is the net total stress (𝜎(*( being the total stress and 𝑢- being the pore 
air pressure), 𝑠 = 𝑢- − 𝑢/ is the matric suction (for brevity it will be referred to simply as 

net airss s= +

eq airs s s= -



73 
 

suction for the rest of this thesis) and 𝑢/ is the pore water pressure. Finally, 𝑠-01 is the air-entry 
value of suction. As long as 𝑠 ≤ 𝑠-01, i.e. for saturated states, the effective stress principle is 
applicable; whenever 𝑠 > 𝑠-01, i.e. for unsaturated states, the theory reviewed in the present 
section is valid. 
 
Assuming that changes in equivalent stress induce the elastic incremental strains	{∆𝜀#} and the 
plastic incremental strains	{∆𝜀$}, and that the changes in equivalent suction produce the elastic 
incremental strains {∆𝜀9#} and the plastic incremental strains :∆𝜀9

$;, the total incremental strains 
{∆𝜀} can be written as:  

   (3.3) 

The incremental equivalent stress {𝛥𝜎} is related to the elastic strains {∆𝜀#} through the 
constitutive equation:  
   (3.4) 

where [𝐷] is the elastic stiffness matrix. Combining Equation (3.3) and Equation (3.4), the 
incremental equivalent stress {𝛥𝜎} can be written as:  

   (3.5) 

The incremental plastic strains {∆𝜀$} can be expressed through the plastic strain multiplier, 𝛬, 
and the plastic potential function, 𝐺A{𝜎}, {𝑘}, 𝑠#DE, as follows:  

   (3.6) 

{𝑘} being the vector of the state parameters. Therefore, substituting Equation (3.6) into 
Equation (3.5):   

   (3.7) 

which can be rearranged into: 

   (3.8) 

In order to calculate the plastic multiplier, Λ, from Equation (3.8), the consistency condition 
must be applied. For unsaturated soils, the consistency condition for the analysis of fully 
saturated soils (Potts & Zdravkovic, 1999), which includes terms associated with the stress 
state, {𝜎}, and the state parameters, {𝑘}, must be augmented with a third term associated with 
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equivalent suction,	:𝑠#D;. Furthermore, Potts & Zdravkovic (2011) introduced the factor of 
safety,	𝐹H, in the yield function, F, as an additional state parameter. This allows to quantify the 
margins of safety in the finite element analysis of geotechnical problems, as required by the 
Eurocode 7. In particular, the factor of safety,	𝐹H, is applied to the material strength, expressed 
through the angle of shearing resistance, 𝜙′. Using the Eurocode 7 terminology, the design soil 
strength, 𝜙KL, is obtained by factoring the characteristic (experimentally determined) soil 
strength, 𝜙KMN, in the following manner: 

   (3.9) 

This methodology is a generalised numerical procedure that can be applied to any constitutive 
model. It is specified that Potts & Zdravkovic (2011) introduced the factor of safety in the case 
of fully saturated soils, while Zdravkovic et al. (2014) extended the formulation to unsaturated 
soils. The consistency condition is thus written as follows: 

   (3.10) 

where 𝐹A{𝜎}, {𝑘}, 𝑠#DE is the yield function. The plastic strain multiplier 𝛬 is obtained by 
isolating	{∆𝜎} from Equation (3.10) and substituting it into Equation (3.8): 

   (3.11) 
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   (3.12) 

Substituting Equation (3.11) into Equation (3.8) leads to:  

   (3.13) 

where the elastoplastic matrix, !𝐷#$%, is:  

   (3.14) 

and the additional matrix for unsaturated states, [𝑊], which relates equivalent stress changes 
to equivalent suction changes, is:  

   (3.15) 

Finally, the term {∆𝜎P} represents the reduction in stresses due to the imposed incremental 
increase in the material factor of safety and a consequent reduction in material strength (Potts 
& Zdravkovic, 2012): 

   (3.16) 

It is noted that if the factor of safety is constant, then ∆𝐹H = 0 and ∆𝜎P = 0. It also remains 
that if purely elastic behaviour is being experienced then !𝐷#$% reduces to the elastic matrix 
[𝐷], and again ∆𝜎P = 0 (Potts & Zdravkovic, 2012). 
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3.2.2 Global mechanical equations 
 
In order to obtain the finite element formulation consistent with Equation (3.13), the 
equilibrium equations can be expressed considering the principle of minimum potential energy 
(Potts & Zdravkovic, 1999): 

   (3.17) 

where ∆𝐸 is the incremental potential energy, ∆𝑊 is the incremental strain energy and ∆𝐿 is 
the incremental work done by applied loads. Considering Equation (3.13) and assuming :∆𝑠#D; 
to be known at this stage, the incremental strain energy is: 

   (3.18) 

and: 

   (3.19) 

where {∆𝜎} is described by Equation (3.13), {∆𝑑}U = {∆𝑢		∆𝑣		∆𝑤} is the vector of incremental 
displacements, {∆𝐹}U = :∆𝐹X		∆𝐹Y		∆𝐹Z; are body forces and {∆𝑇}U = :∆𝑇X		∆𝑇Y		∆𝑇Z; are 
surface tractions.  
 
The elastoplastic strains due to changes in equivalent suction are expressed as follows: 

   (3.20) 

where: 

   (3.21) 

where 𝐻 is the elasto-plastic modulus of the soil structure with respect to suction. Hence 
Equation (3.18) becomes: 

   (3.22) 

Given the assumption of constant atmospheric air pressure, the following stands: :∆𝑠#D; =
{∆𝑢/} = :∆𝑝^;, where :∆𝑝^; is the notation by Tsiampousi et al. (2017b) that is adopted in 
this thesis for the discussion of the global finite element equations.  
 

0E W Ld d dD = D - D =

{ } { } { } { } { }( )
{ } [ ] { } { } { }

2
Δ

1
2

1

T T e p
ep ep

T TVol

s s

eq C

D D

W s
W dVol

e e ee e

e e s

é ù é ù× D - × D + D +é ùD Dê ú
D = ê ú

ê úD Dê úë û

ë û ë û

- × - D
ò

{ } { } { } { }T T

Vol Srf

L d F dVol d T dSrfD = D D + D Dò ò

{ } { } { }{ }e p
s s H eqm se eD + D = - D

{ } { }1/  1 /   1 /    0   0   0T
Hm H H H=

{ } { }

{ } { } [ ]( ) { } { } { }Δ

1
2

1
2

T

T

ep

e
TVo

p H eq C
l

W dVol
D

D m W s

e

e se

eé ù × Dë û

é ù - ×

é ùD +ê ú
D = ê ú

ê úD Dê ú- Dë ûë û

ò



77 
 

The global vector of incremental displacement,	{Δ𝑑}'` , and the global vector of incremental 
pore fluid pressure, :Δ𝑝^;'` , are introduced as primary unknowns (i.e. degrees of freedom) of 
the finite element problem. It is assumed that {Δ𝑑} = [𝑁]{Δ𝑑}'` , {Δ𝜀} = [𝐵]{Δ𝑑}'`  and 
:Δ𝑝^; = !𝑁$%:Δ𝑝^;'`  (Potts & Zdravkovic, 1999), where the matrix [𝐵] contains the 

derivatives of the displacement shape functions [𝑁], while !𝑁$% contains the pore fluid shape 
functions. These expressions are substituted into the incremental strain energy,	∆𝑊, i.e. 
Equation (3.22), and into the incremental work done by the applied loads,	∆𝐿, i.e. Equation 
(3.19), therefore  ∆𝐸 = ∆𝑊 − ∆𝐿 becomes: 

    (3.23) 

For minimum potential energy, 𝛿∆𝐸 = 0: 

   (3.24) 

which gives the global mechanical finite element equation: 
 
   (3.25) 

where: 

   (3.26) 

is the global stiffness matrix, and: 

   (3.27) 

while {∆𝑅`} is the global right-hand side vector,	containing body forces and surface tractions: 

   (3.28) 
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It is noted that the term {∆𝜎P} in the global right-hand side vector guarantees that, even under 
no applied external loads and surface tractions, a change in the stress variables takes place if 
the factor of safety is changed (Zdravkovic & Potts, 2012).  
 
3.2.3 Global hydraulic equations 
 
Smith (2003), followed by Tsiampousi et al. (2017b), show how to obtain the global hydraulic 
finite element equation starting from the Continuity Equation: 

   (3.29) 

where 𝑣X,	𝑣Y and 𝑣Z are the components of the velocity of the pore water, {𝑣}, in the directions 
x, y and z, 𝑄 represents any source and/or sink, 𝜃/ is the volumetric water content and 𝑡 is time.  
 
Applying the principle of virtual work: 

   (3.30) 

Darcy’s law is applied: 

   (3.31) 

where	[𝑘] is the permeability matrix and ℎ is the hydraulic head  defined as ℎ = $i
ji
+

A𝑥𝑖`X + 𝑦𝑖`Y + 𝑧𝑖`ZE, with {𝑖`} = :𝑖`X		𝑖`Y		𝑖`Z;
U being the unit vector parallel, but in the 

opposite direction, to gravity. 𝛾 = 9.81	 𝑘𝑁 𝑚v⁄  is the unit weight of water. 
 
It can be assumed that 𝜕𝜃/ 𝜕𝑡⁄ = ∆𝜃/ ∆𝑡⁄ , which is: 

   (3.32) 

where 𝜀y*z is the volumetric strain and: 

   (3.33) 

with 𝑅 being the modulus relating a change in volumetric water content to a change in matric 
suction 𝑢- − 𝑢/, i.e. the gradient of the soil-water retention curve (SWRC) expressed in terms 
of the volumetric water content. Finally, Ω governs the volume of water that flows for a given 
change in the volume of voids. For fully saturated states its value should be 1.0, while for 
unsaturated states its evolution with suction should be defined. There are two options 
implemented in ICFEP. For the first option Smith (2003) made the assumption that Ω reduces 
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yx wz
vv v Q

x y z t
q¶¶ ¶¶

+ + - = -
¶ ¶ ¶ ¶

{ } ( ){ } 0T w
f f f

Vol

v p p dVol Q p
t
q¶é ùÑ D + D - D =ê ú¶ë ûò

{ } [ ] ( ){ }T w
f f f

Vol

h k p p dVol Q p
t
qé ¶ ùæ ö- Ñ Ñ D + D = Dç ÷ê ú¶è øë û

ò

( )( ) ( )( )w vol
vol a w a wu u u u

t t t t
q ee w wD WDD D

= W + - = + -
D D D D

1 3Ω
R H

w = -



79 
 

becomes discontinuous. The value of suction corresponding to the water phase becoming 
discontinuous is an input parameter. The magnitude of suction at any integration point is linked 
directly to the mechanical, permeability and SWR models employed in the analysis. For the 
second option Tsiampousi et al. (2017a) demonstrated that Ω varies with the degree of 
saturation. This second option became available during this PhD research and some analyses 
presented later in this thesis were repeated using the new option but no significant difference 
was noted. Hence, the first option is used throughout this work. 
 
Assuming the pore air pressure to be constant and equal to the atmospheric value, Equation 
(3.32) becomes: 

   (3.34) 

Substituting Equation (3.34) into Equation (3.31) and introducing the global vector of 
incremental displacement,	{Δ𝑑}'` , and the global vector of incremental pore fluid pressure, 
:Δ𝑝^;'` , as primary unknowns of the finite element problem (as done for the mechanical 
equations): 

  (3.35) 

where [𝐸] = !𝜕𝑁$ 𝜕𝑥⁄ 			𝜕𝑁$ 𝜕𝑦⁄ 			𝜕𝑁$ 𝜕𝑧⁄ %U and {𝑚}U = {1			1			1			0			0		0}. Equation (3.35) 
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Equation (3.36) must account for the time dependency of the term :∆𝑝^;'` , therefore a time 
marching scheme is adopted (Potts & Zdravkovic, 1999). All details are reported in Tsiampousi 
et al. (2017b). Below is the final expression of the global hydraulic equation: 

   (3.41) 

where 𝛽 is a time stepping factor reflecting the variation of pore pressure with time. 
 
3.2.4 Formulation for coupled problems 

While the governing equations for full saturation can be found in Potts & Zdravkovic (1999) 
and those for unsaturated elastic soils can be found in Tsiampousi et al., 2017b, the global 
system of equations for unsaturated elastoplastic soils is composed by Equations (3.25) and 
(3.41):  

   (3.42) 

 
Modified Newton-Raphson non-linear solver 
In order to solve the coupled system of governing equations (3.42) ICFEP utilises the modified 
Newton-Raphson method with an error controlled sub-stepping stress-point algorithm. The 
details of the solution algorithm can be found in Potts & Zdravkovic (1999), while its 
application to unsaturated analysis is explained by Georgiadis (2003). As the iterative residual 
load vector employed in the modified Newton-Raphson method depends on the constitutive 
model, similar to the matrices !𝐷#$% and [𝑊], then in order to develop a new constitutive 
framework it is useful to briefly review the main features of the method. For this purpose, the 
solution process for unknown displacements due to the load increment {Δ𝑅0} is used as an 
example and it is illustrated in Figure 3.1. The following equation is solved iteratively, using 
the stiffness matrix, [𝐾`]0, computed from the stresses and strains at the beginning of the 
increment 𝑖: 

   (3.43) 

[𝐾`]0 is stored and used in all iterations to calculate successive iterative displacements, 

A{Δ𝑑}'`0 E~ (𝑗 being the iteration number) that contribute to the total incremental displacement 
{Δ𝑑}'`0  for increment 𝑖. Alternatively, there is an option for updating [𝐾`]0 at each iteration. 
On the first iteration, Equation (3.43) is solved for the total load increment {Δ𝑅`}0, resulting 

in the first iterative component of the displacement vector, A{Δ𝑑}'`0 E�. As the stresses at the 
end of the iteration may be in error, as sketched in Figure 3.1, the predicted iterative 
displacements are used to calculate the residual load vector, {𝜓}�, which is a measure of the 
error in the analysis because it is the difference between the predicted and the true solution at 
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the first iteration. The main challenge in the solution process is to calculate the residual load 
vectors, as the true solution is not known a priori. This is done by utilising a sub-stepping 
stress-point algorithm, which adopts as true the incremental displacement vector that is the sum 
of all previously calculated iterative displacement vectors. The incremental displacement 
vector is divided into a number of sub-steps, which is updated at each iteration. The strains are 
thus obtained integrating the displacements accumulated from the start of the increment and 
they are used to integrate the constitutive behaviour to obtain the estimate of the stress changes. 
These are added to accumulated stresses at the beginning of the increment to give the stress 
state at the end of the iteration. The difference between the predicted stress state and that 
calculated from the sub-stepping algorithm gives the residual stresses and hence the nodal 
forces forming the residual load vector. In the next iteration,	𝑗, Equation (3.43) is solved again 
using the residual load vector from the previous iteration, {𝜓}~��, as an iterative right-hand 
side load vector:  

   (3.44) 

The iterative process continues until the specified convergence tolerances are satisfied. The 
final incremental solution for the displacement vector is the sum of all iterative displacements 

obtained over that increment, {Δ𝑑}'`0 = ∑ A{Δ𝑑}'`0 E~�
~�� , where 𝐿 is the total number of 

iterations over an increment.  

 

Figure 3.1: Application of the modified Newton-Raphson algorithm to the uniaxial loading of a bar of 
a non-linear material (after Potts & Zdravkovic, 1999). 

In ICFEP, convergence is checked by setting criteria for both the iterative displacements, 

A{Δ𝑑}'`0 E~, and the iterative residual loads, {𝜓}~.These are checked against the incremental 
and accumulated displacements and global right hand side load vectors, respectively 
(Georgiadis, 2003). Typically, the convergence criteria are set such that the scalar norm of the 
iterative displacement vector is less than 1% of both the incremental and accumulated 
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displacement norms, and the norm of the residual load vector is less than 2% of both the 
incremental and accumulated global right-hand side load vector norms. Georgiadis, (2003) has 
also highlighted that the residual load checks become ineffective in boundary value problems 
involving only displacement boundary conditions, because the incremental and accumulated 
right hand side load vectors are zero. In these cases the checks are overridden and the absolute 
value of the norm of the residual load is kept small. Additionally, the reaction forces are 
checked, i.e. the norm of the residual load vector is compared to the norm of the reaction forces 
that arise where a displacement boundary condition is set. Finally, a check on work has been 
introduced, however it has been observed that it is generally coarser than the checks on loads 
and reaction forces. Similar to the mechanical part of the formulation, convergence checks and 
tolerances are put in place for the hydraulic part of the formulation. In particular, nodal pore 
water pressures and the nodal seepage flows are controlled.  
 
 
3.3 CONSTITUTIVE MODELLING 
 
Georgiadis (2003) and Georgiadis et al. (2005) developed and implemented in ICFEP a 
constitutive model based on the Barcelona Basic Model (BBM), introduced by Alonso et al. 
(1990). This model has been successfully employed to reproduce the behaviour of moderately 
expansive natural clays (Georgiadis et al., 2003; Tsiampousi et al., 2017c). Subsequent 
development of this model was carried out by Tsiampousi (2011) and Tsiampousi et al. 
(2013a), comprising the addition of a non-linear Hvorslev surface to represent more accurately 
the behaviour of overconsolidated clays on the dry side of the critical state. The following 
sections review the formulation of the model, as existing in ICFEP at the start of the present 
PhD project. 
 
3.3.1 Stress variables 
 
The model adopts the two independent stress variables reported in Section 3.2.1 to describe the 
mechanical behaviour of unsaturated soils: equivalent stress, 𝜎, and equivalent suction, 𝑠#D. 
These variables enable a seamless transition from a saturated to an unsaturated state 
(Georgiadis, 2003) and allow appropriate values of air-entry suction to be entered in the 
analysis (i.e. non-zero values). 
 
3.3.2 Formulation 
 
For unsaturated conditions (𝑠 > 𝑠-01), the model is formulated in the 4-dimensional stress-
space 𝐽 − 𝑝 − 𝜃 − 𝑠#D, where	𝑝 is the mean equivalent stress, shown in Equation (3.45), 𝐽 is 
the generalised deviatoric stress, shown in Equation (3.46), and 𝜃 is the Lode’s angle, shown 
in Equation (3.47): 

   (3.45) 
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   (3.46) 

   (3.47) 

where 𝜎X, 𝜎Y, 𝜎Z, 𝜏XY, 𝜏XZ and 𝜏YZ are the stress components and det 𝑠 is the determinant of the 
stress matrix: 

   (3.48) 

Similar to 𝐽, 𝑝 and 𝜃, which are the stress invariants, two strain invariants are defined: the 
volumetric strain, 𝜀y*z, as in Equation (3.49), and the generalised deviatoric strain, ΕL, as in 
Equation (3.50). 
   (3.49) 

   (3.50) 

Figure 3.2 shows a three-dimensional view of the model’s yield surface in the 𝑝 − 𝑠#D − 𝐽 
space, which highlights the load-collapse (LC) curve and the increase of cohesion with 
equivalent suction, 𝑓(𝑠#D), on the primary yield surface, as well as the secondary yield surface, 
named as Suction Increase (SI) surface. 

 
Figure 3.2: General shape of the yield surface in the 𝐽 − 𝑝 − 𝑠#D plane (modified after Alonso et al., 

1999). 

Under full saturation (𝑠 ≤ 𝑠-01) the model performs in the 3-dimensional stress-space 𝐽 − 𝑝′ −
𝜃, where 𝑝′ is the mean effective stress: 
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   (3.51) 

with	𝜎′X, 𝜎′Y, 𝜎′Z, being the effective stress direct components. The expressions for 𝐽 and 𝜃 are 
the same as in the unsaturated case, but replacing the equivalent stresses with the effective 
stresses.  
 
3.3.2.1     Yield and plastic potential surfaces 
 
Formulation in the 𝑝 − 𝐽 plane – wet side 
The model adopts versatile primary yield (𝐹�P) and plastic potential (𝐺�P) surfaces, with 
projections in the 𝑝 − 𝐽 plane as shown in Figure 3.3(a). The surfaces, defined originally in 
Georgiadis et al. (2005) after Lagioia et al. (1996), have the following expressions:  

   (3.52) 

where: 
• 𝑝� is the isotropic yield stress at the current value of equivalent suction;  

 
• 𝑓A𝑠#DE = 𝑘 ∙ 𝑠#D, where 𝑘 is the cohesion increase parameter, which can be set equal 

to either a constant or the degree of saturation, 𝑆1. The first option, adopted in the BBM, 
is realistic only for low values of suction. The second option predicts that the apparent 
cohesion initially increases with suction, reaches a peak and reduces to a small value, 
at large values of suction, as the degree of saturation reaches its minimum value. Apart 
from being more realistic, the second option provides a direct coupling between the 
mechanical and the hydraulic behaviour of unsaturated soils (Tsiampousi, 2011). The 
degree of saturation is obtained from the Soil Water Retention Curve (SWRC), which 
is defined in ICFEP as a separate model; 
 

• 𝐾�, 𝐾� and 𝛽  are constants calculated from the following equations: 
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where 𝑖 = 𝑓, 𝑔; 𝛼^, 𝜇^ are the model parameters controlling the shape of the yield 
surface and 𝛼�, 𝜇� are the model parameters controlling the shape of the plastic 
potential surface; 
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• 𝜂 is the generalised normalised stress ratio: 

 
   (3.55) 

with	𝐽�� being the square of the stress ratio: 

   (3.56) 

and 𝐽��0 being the failure value of 𝐽��, obtained by solving the following cubic equation, 
which represents the Matsuoka-Nakai failure criterion in the deviatoric plane (Potts & 
Zdravkovic, 1999): 

   (3.57) 

where: 

   (3.58) 

with 𝑀0 being the gradient of the critical state line in the conventional 𝑞 − 𝑝′ space, 
corresponding to triaxial compression (𝜃 = −30°). 𝑀0 is equal to 𝑀^ when the yield 
surface is calculated and equal to	𝑀� when the plastic potential surface is calculated. 
Similarly, 𝐽��0 is equal to 𝐽��^	𝑜𝑟	𝐽���. This shape of the yield surface in the deviatoric 
plane is different from the circular shape of the BBM and enables a more accurate 
representation of soil ultimate states in generalised stress space (i.e. non-triaxial 
compression loading). An estimation of 𝑀� can be obtained from the critical state value 
of the angle of shearing resistance, as shown in Equation (3.59). Figure 3.3(b) shows 
the Critical State Line (CSL), whose slope corresponds to 𝑀�. 

   (3.59) 

By changing the values of parameters	𝛼^ and 𝜇^ the yield function 𝐹�P  can reproduce some of 
the well-known shapes of yield surfaces, including Sinfonietta Classica (Nova, 1988), Cam 
clay (Roscoe & Schofield, 1963), or modified Cam clay (Roscoe & Burland, 1968), the latter 
surface being adopted in the BBM model (Alonso et al., 1990). These shapes are sketched in 
Figure 3.3(a). The advantage of being able to choose different shapes of the yield surface is in 
improving the model’s flexibility when yielding is first encountered. Furthermore, the yield 
and the plastic potential surfaces can be different, meaning that the model is capable of 
reproducing both associated and non-associated plasticity. 
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Tsiampousi et al. (2013a) showed that a more accurate simulation of the strength of 
overconsolidated clays on the ‘dry side’ of the critical state could be achieved by adopting a 
non-linear Hvorslev surface. This is described in the next section. 
 

  
(a)  (b) 

Figure 3.3: Yield and plastic potential surfaces in the p-J plane: (a) Yield surface shapes in 𝑝 − 𝐽 
plane; (b) Critical state strength. 

 
Formulation in the 𝑝 − 𝐽 plane – dry side 
A nonlinear Hvorslev yield surface, with a non-associated plastic potential surface, was added 
to the model formulation on the dry side, (Tsiampousi et al., 2013a), as an alternative to the 
Georgiadis et al. (2005) formulation. In this respect the model retains on the wet side the 
surfaces defined in the Georgiadis et al. (2005) model, while the new Hvorslev and plastic 
potential surfaces replace the existing surfaces on the dry side. The reason for this addition was 
to improve the accuracy of modelling the behaviour of overconsolidated clays, as it was found 
that even the non-MCC surface in the Georgiadis et al. (2005) model were overpredicting the 
strength of overconsolidated clays (Tsiampousi, 2011).  
 
The following expression replaces the Georgiadis et al. (2005) yield function on the dry side 
of critical state: 

   (3.60) 

where: 
 

• 𝑛 is a fitting parameter. Its assigned value must be:	0 ≤ 𝑛 < 1. When 𝑛 = 0.0 the 
Hvorslev surface coincides with the CSL; when 0 < 𝑛 < 1 the Hvorslev surface is 
curved; 

 
• 𝛼¡¢ is the inclination of the straight line indicated in Figure 3.4 (Tsiampousi et al., 
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• 𝑝M9 is the mean equivalent stress corresponding to the critical state point. It is calculated 
from Equation (3.52), using the stress ratio £𝐽��� (inclination of the CSL) and the 
model parameters 𝛼^ and 𝜇^: 

   (3.61) 

with the corresponding deviatoric stress at critical state, 𝐽M9 being: 

   (3.62) 

The Hvorslev surface is attached to the yield surface 𝐹�P , used on the wet side, at the point 
(𝑝M9; 𝐽M9), which is the point of intersection between the latter and the CSL, as shown in Figure 
3.4 (Tsiampousi et al., 2013).  

 
Figure 3.4: Introduction of the Hvorslev surface to the Georgiadis et al. (2005) constitutive model 

(Tsiampousi et al., 2013a). 

Two things should be noted with respect to the new model (Tsiampousi et al., 2013): 
 

1. 𝐹�P� is dimensionless and it cannot be defined for 𝑝 = −𝑓(𝑠#D), hence the value of 𝑝 +
𝑓(𝑠#D) is usually not allowed to be smaller than 0.1 kPa; 
                                                                                                         

2. the new, nonlinear Hvorslev surface prevents illegal stress states to be reached. A 
simpler linear Hvorslev surface, as described in Potts & Zdravkovic (1999), which 
works very well in conjunction with the tension cut-off surface in the simulation of 
saturated overconsolidated soils, is inappropriate for unsaturated soil modelling as it 

( )( ) ( )

2

1

2 2

2

0

2 2

1

/
1

/
1

f
f

f
f

K

g f

f

cs eq eqK

g f

f

J J
K

p p f s f s
J J
K

b
h h

b
h h

æ ö
ç ÷+
ç ÷
è ø= + -
æ ö
ç ÷+
ç ÷
è ø

( )( )2cs g cs eqJ J p f sh= × +



88 
 

does not have a tension cut-off surface. It would, therefor, incorrectly allow the stress 
state to exist in the grey area beyond the 𝑓(𝑠#D) extent of the surface on the 𝑝 – axis, as 
indicated in Figure 3.5. 

 
Figure 3.5: Area of illegal stress states allowed by a straight line Hvorslev surface in unsaturated 

conditions (shown in grey, Tsiampousi et al., 2013a). 

The plastic potential function corresponding to the Hvorslev yield function 𝐹�P� has the 
following expression (Tsiampousi et al., 2013): 

   (3.63) 

where: 
 

• 𝛽¡¢ is the value of the gradient of the flow vector for 𝑝 = −𝑓(𝑠#D). The gradient then 
assumes a final value of 0.0 at the critical state, where 𝑝 = 𝑝M9; 

• (𝑝M; 𝐽M) are the coordinates of the current stress state point 𝐶 depicted in Figure 3.4, 
through which the plastic potential surface passes; 

• 𝑚 is a fitting parameter. 
 

The four additional model parameters introduced by Tsiampousi et al. (2013a) into the 
Georgiadis et al. (2005) constitutive model are 𝛼¡¢, 𝛽¡¢, 𝑛, and 𝑚. Due to the lack of 
experimental evidence, the first two were assumed to be independent of the suction magnitude. 
The parameter 𝑛 affects the position of the Hvorslev surface relative to the CSL and, therefore, 
the magnitude of the peak deviatoric stress, 𝐽, and the amount of post-yield softening. The 
parameter 𝑚 controls the rate of post-peak softening without affecting the overall magnitude 
of the reduction in deviatoric stress. 
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Formulation in the isotropic plane 𝑝 − 𝑠#D 
In the isotropic plane, the constitutive model of Georgiadis (2003) and Tsiampousi (2011) is 
based on the concept of the loading-collapse (LC) and the suction increase (SI) surfaces, as 
originally introduced in the BBM formulation (Alonso et al., 1990). These surfaces are 
illustrated schematically in Figure 3.6, showing that the elastic region expands with increasing 
suction and that this expansion is partly into the tensile mean equivalent stress region. The 
following sections detail the assumptions involved in the definition of the isotropic 
compression and the consequent shapes of the yield surface in the A𝑝 − 𝑠#DE plane. 

 
Figure 3.6: Loading-Collapse (LC) and Suction Increase (SI) surfaces (after Georgiadis, 2003 and 

Tsiampousi, 2011). 

Fully saturated isotropic compression line (ICL) and yield stress 
At full saturation, i.e. 𝑠 ≤ 𝑠-01, the isotropic compression line (ICL) is a straight line (shown 
in Figure 3.7) defined by the following equation:  

   (3.64) 

where 𝑣�(0) is the specific volume at mean effective stress 𝑝K = 1	𝑘𝑃𝑎 and 𝜆(0) is the 
coefficient of soil compressibility under saturated conditions (i.e. 𝑠#D = 0). The isotropic yield 
stress at saturation, 𝑝�K  in Figure 3.7, is the hardening parameter which controls the evolution 
of the size of the yield surface as a function of the magnitude of the volumetric plastic strains. 
If the stress state reaches the yield surface on the wet side of the critical state (sub-critical side), 
the surface expands, the material hardens, 𝑝�K  increases and compressive volumetric strains (in 
the case of a drained analysis), or positive excess pore water pressure (in the case of an 
undrained analysis) develop. Conversely, if the stress state reaches the yield surface on the dry 
side of the critical state (super-critical side), the surface shrinks, the material softens, 𝑝�K  
decreases and swelling volumetric strains (in the case of a drained analysis), or negative excess 
pore water pressure (in the case of an undrained analysis), develop. 

( )1(0) 0v v lnpl= - ¢×
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Figure 3.7: Fully saturated Isotropic Compression Line (ICL) and swelling line (after Georgiadis, 

2003 and Tsiampousi, 2011). 
 
Unsaturated isotropic compression line and yield stress 
For unsaturated conditions the equivalent fully saturated isotropic yield stress,	𝑝�∗, is the 
hardening parameter. A smooth transition between saturated and unsaturated states, i.e. upon 
desaturation or saturation, is enabled with the use of equivalent suction as a stress variable. To 
this extent, when	𝑠 = 𝑠-01 (i.e. when	𝑠#D = 0), the equivalent stresses are equal to the effective 
stresses, as shown in Equation (3.65), and, therefore, 𝑝�∗ = 𝑝�K . 

   (3.65) 

The relationship between the hardening parameter, 𝑝�∗, and the yield stress at the current value 
of suction, 𝑝�, determines the shape of the Load-Collapse (LC) curve in the A𝑝 − 𝑠#DE plane. 
This shape depends on the shape of the unsaturated ICL. Georgiadis (2003) developed two 
constitutive models, one adopting a linear or a bi–linear unsaturated ICL and one assuming a 
non-linear unsaturated ICL. These two models are briefly explained below. 
 
Linear and bi-linear unsaturated ICL (Model 1) 
Similar to the original BBM formulation (Alonso et al., 1990), the model can adopt a linear 
unsaturated ICL. This approach was called Model 1-option 1 by Georgiadis (2003). In this case 
the unsaturated ICL constantly diverges from the ICL for fully saturated conditions, 
characterised by the gradient 𝜆(0) as in Figure 3.7, for any value of 𝑠#D > 0, as shown in Figure 
3.8(a). Each suction-dependent ICL is therefore defined by the following expression: 

   (3.66) 

where 𝑣�(𝑠#D) is the specific volume for the current unsaturated ICL at 𝑝 = 1	𝑘𝑃𝑎 and 𝜆(𝑠#D) 
is the post-yield coefficient of soil compressibility at equivalent suction 𝑠#D. The latter depends 
on equivalent suction according to the following expression (Alonso et al., 1990): 

( ) ( )net air tot air air wp p s p u u u= + = - + -
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   (3.67) 

where	𝜆(0) is the post-yield coefficient of soil compressibility under fully saturated conditions, 
𝑟 is the soil stiffness parameter and 𝛽 is the stiffness increase parameter.  
 
Based on Equation (3.66), the expression of the LC curve in the A𝑝 − 𝑠#DE plane, which relates 
the hardening parameter, 𝑝�∗, to the isotropic yield stress at the current value of equivalent 
suction, 𝑝�, is: 

   (3.68) 

where 𝑝M is a characteristic pressure and	𝜅 is the coefficient of compressibility along an elastic 
path which is assumed to be independent of the suction level. 
 
The model allows a choice between the linear unsaturated ICL, expressed in Equation (3.66) 
and a bi-linear unsaturated ICL. The latter option was called Model 1-option 2 by Georgiadis 
(2003). In this case the unsaturated ICL, which is shown in Figure 3.8(b), assumes that the ratio 
𝑝�∗ 𝑝M⁄ = 𝛼M remains constant at confining stresses higher than 𝑝«: 

   (3.69) 

Therefore, the expression of the LC curve becomes: 

   (3.70) 

where 𝛼M is a model parameter, which replaces 𝑝M. In other words, option 2 assumes that the 
amount of potential collapse is constant at high confining stresses. This feature has been 
introduced because option 1, which essentially assumes a linearly increasing potential collapse 
instead, may lead to unrealistically high magnitudes of potential collapse due to wetting under 
high stresses. 
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(a) 

 
(b) 

Figure 3.8: Unsaturated Isotropic Compression Line (un-ICL); (a) linear unsaturated ICL (option 1) 
and (b) bi-linear unsaturated ICL (option 2) (after Georgiadis, 2003 and Tsiampousi, 2011). 
 
Non-linear unsaturated ICL (Model 2) 
The model allows for a non-linear unsaturated ICL, as shown in Figure 3.9. This option, which 
was called Model 2 by Georgiadis (2003), reproduces a more realistic evolution of wetting 
induced potential collapse with increase in the isotropic yield stress. Details about the non-
linear ICL derivation are given in Georgiadis et al. (2005) and are therefore omitted herein. 
The equation for the ICL at full saturation is given as:  

   (3.71) ( ) ( )0 0
c

pv N ln
p

l= - ×
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where 𝑁(0) is the value of specific volume at the characteristic pressure, 𝑝M. 𝑝M also bounds 
the lower value of the equivalent fully saturated isotropic yield stress, 𝑝�∗ (Georgiadis, 2003). 
For unsaturated states, on the other hand, the non-linear ICL is: 

   (3.72) 

where: 
 

• 𝑁A𝑠#DE is the specific volume at 𝑠 = 𝑠#D determined for 𝑝 = 𝑝M; 
 

• 𝛼� represents the initial slope of the non-linear unsaturated ICL, expressed as: 

   (3.73) 

In fact, 𝛼� measures the soil stiffness at low confining stresses, which depends on 
equivalent suction. Its expression is obtained by imposing Equation (3.73) to be equal 
to Equation (3.67): 

   (3.74) 

• 𝑏 is a model parameter that controls the value of the isotropic yield stress, 𝑝«, that 
corresponds to the maximum potential collapse, shown in Figure 3.10. The expression 
of 𝑏 is: 

   (3.75) 

According to the aforementioned hypotheses, the shape of the LC curve in the A𝑝 − 𝑠#DE plane 
is (Georgiadis, 2003): 

   (3.76) 
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Figure 3.9: Non-linear unsaturated ICL developed by Georgiadis (2003). Figure after Georgiadis 

(2003) and Tsiampousi (2011). 

 
Figure 3.10: Variation of the amount of potential collapse,	𝛥𝑣, with the logarithm of isotropic yield 

stress, 𝑝� (after Georgiadis, 2003 and Tsiampousi, 2011). 

 
Suction induced wetting/drying line (WDL) and Suction Increase (SI) surface 
The model framework employs a secondary yield surface, known as the Suction Increase (SI) 
surface, that was conceptually introduced by Alonso et al. (1990) and accepted by Georgiadis 
(2003) and Tsiampousi (2011). This surface corresponds to a line when projected onto the 
A𝑝 − 𝑠#DE plane, as can been seen in Figure 3.2. It is noted that the existence of the SI was only 
postulated and it has not been explicitly proven by experimental data. For suction values below 
the SI surface, the model behaves elastically and its compressibility is determined by the model 
parameter	𝜅9, which is the elastic coefficient of compressibility with respect to suction. 𝜅9 is 
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either assumed to be independent of the suction value or it can depend on the degree of 
saturation, which is linked to suction via the retention curve. The latter option was implemented 
by Tsiampousi et al. (2013b). However, due to shortage of experimental evidence, the former 
option is used in the present thesis. Once the stress state reaches the SI, the model behaves 
plastically and its plastic coefficient of compressibility with respect to suction becomes	𝜆9, also 
assumed to be independent of suction level.  
 
The suction induced compression (wetting/drying) line (WDL) employed by the model is 
depicted in Figure 3.11. The transition from elastic to plastic state takes place at	𝑠#D = 𝑠�, 
where 𝑠� is the hardening/softening parameter for the secondary yield surface in the isotropic 
space	A𝑝 − 𝑠#DE. Assuming an associated flow rule, the expression for the SI surface, 𝐹H, and 
the corresponding plastic potential, 𝐺H is: 

   (3.77) 

The plastic strains generated upon violation of the SI surface are quantified as follows: 

   (3.78) 

where 𝑝-(« is the atmospheric pressure, equal to 101.3 kPa.  
 
Taking into account that wetting of the soil under the characteristic pressure, 𝑝M, generates 
solely elastic swelling (Georgiadis, 2003), the specific volume at 𝑝 = 1	𝑘𝑃𝑎, 𝑣�(𝑠#D) (pictured 
in Figure 3.8a), is calculated as follows (Tsiampousi, 2011): 

   (3.79) 

Similarly, for 𝑝 = 𝑝M, the specific volume 𝑁A𝑠#DE (pictured in Figure 3.9) is (Tsiampousi, 
2011): 

   (3.80) 
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Figure 3.11: Wetting/drying line – WDL (suction induced compression line), after Georgiadis (2003) 

and Tsiampousi (2011). 
 
Formulation in the deviatoric plane  
The formulation of the primary yield surface in the deviatoric equivalent stress (or 𝜋) plane 
adopts the Matsuoka-Nakai shape (Matsuoka & Nakai, 1974), as shown in Figure 3.12. In this 
aspect of the formulation the model differs from the BBM, which adopts a circular shape for 
its yield surface in the deviatoric plane, in line with the classical critical state approach. 
However, the circular shape implies a variable angle of shearing resistance, 𝜙′, for 
geomaterials, from triaxial compression (𝜃 = −30¯) to triaxial extension (𝜃 = +30¯). This 
variation is unrealistically high and unsupported by experimental data and is therefore often 
unconservative for the design of geotechnical problems. The Matsoka-Nakai surface also 
implies variable 𝜙′, but this variation resembles that experimentally measured. Potts & 
Zdravkovic (2001) further discuss this pitfall of the circular yield surface in the deviatoric 
plane. 
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Figure 3.12: Yield surface in the deviatoric plane.  

 
3.3.2.2 Elastic behaviour 
 
Similar to the BBM, the model assumes that the elastic volumetric strain, Δ𝜀y*z# , is the sum of 
two contributions, one generated by changes in equivalent stress, Δ𝑝, and the other by changes 
in equivalent suction, Δ𝑠#D, as given by Equation (3.81): 

   (3.81) 

In order to avoid calculation of infinite volumetric strains when 𝑝 tends to 0.0, a minimum bulk 
modulus has been introduced as an additional model parameter (Georgiadis, 2003):  

   (3.82) 

Elastic changes of the deviatoric equivalent stress, ∆𝐽, induce incremental deviatoric strains, 
∆𝐸L#: 

   (3.83) 

where 𝐺 is the elastic shear modulus. The shear and bulk moduli, 𝐺 and 𝐾 are related through 
Poisson’s ratio,	𝜈, according to the Equation (3.84): 

   (3.84) 
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Either G or 𝜈 needs to be prescribed, while the other one is allowed to vary with stress level 
since the bulk modulus is stress dependent. Alternatively, a constant ratio of 𝐺 𝑝�⁄  can be set. 
 
3.3.2.3     Hardening rules 
 
Upon activation of either of the two yield surfaces, the model adopts the following hardening 
rules to link the hardening parameters 𝑝�∗ and 𝑠� to the magnitude of the plastic volumetric 
strains, 𝜀y*z

$ : 
 

- primary yield surface: 

   (3.85) 

- secondary yield surface: 

   (3.86) 

The above two equations imply that the surfaces are coupled and therefore violation and 
movement of either of them induces movement of the other (Georgiadis, 2003). In fact, 
combining ∆𝜀y*z

$  from both Equation (3.85) and Equation (3.86) gives: 

   (3.87) 

 
3.3.3 Initialisation of the hardening parameters 
 
At the start of a numerical analysis, the model requires the hardening parameters, 𝑝�∗ and	𝑠�, to 
be initialised. While calibrating the model, these initial values should be carefully assessed, 
because they determine the position of the primary and secondary yield surface, respectively, 
with respect to the initial stress state.  
 
While modelling laboratory experiments, 𝑝�∗ needs to be derived from the assessment of the 
whole process of sample preparation, which determines the initial position of the LC curve. 
Given the importance of the initial 𝑝�∗ value for the response of the material, it is essential that 
experiments used in a modelling study are sufficiently detailed at all stages, from sample 
preparation to the end of the test.	𝑝�∗ is not a direct input to the model, but its value depends on 
the initial stresses and the overconsolidation ratio, OCR, which is an input parameter 
(Georgiadis, 2003; Tsiampousi, 2011).  
 
The hardening parameter 𝑠� can be estimated from an unconfined drying test, however for soils 
for which the SI surface is irrelevant, a value of 𝑠� larger than the maximum suction level 
anticipated is usually prescribed. In this way, the stress state never reaches the SI, which thus 
remains inactive.  

( )
*
0
*
0

1
0

p
vol

p e
p

e
l k

D +
= ×D

-

0

0

1 p
vol

atm s s

s e
s p

e
l k

D +
= ×D

+ -

( )
*
0 0
*
0 00

s s

atm

p s
p s p

l k
l k

D - D
= ×

- +



99 
 

 
Finally, the initial specific volume at unit pressure,	𝑣�(0), which controls the position of the 
fully saturated isotropic compression line, also needs to be evaluated (Tsiampousi, 2011): 

   (3.88) 

 
3.3.4 Summary of input parameters 
 
All parameters required by the model are listed in Table 3.1 (Georgiadis, 2003; Tsiampousi 
2011), together with indications of the likely experimental source for deriving each of the 
parameters. An additional input parameter, the Yield Surface Switch (YSS), is introduced to 
allow the choice of the yield surface shape on the dry side of critical state. If the YSS is set to 
0, then the yield surface on the dry side of critical state assumes the expression in Equation 
(3.52), as in the original Georgiadis (2003) model. Alternatively, if YSS is set to 1, it follows 
the expression of the Hvorslev surface in Equation (3.60) and the model requires additional 
parameters to define the Hvorslev surface and its plastic potential. 
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Table 3.1: Summary of model parameters. 

Parameter Source 

Parameters controlling the shape of the yield 
surface, 𝜶𝑭, 𝝁𝑭 

Triaxial compression; relationship between 
dilatancy and 𝐽/𝑝 ratio 

Parameters controlling the shape of the plastic 
potential surface, 𝜶𝑮, 𝝁𝑮 

Triaxial compression 

Strength parameters, 𝑴𝒇,	𝑴𝒈 Triaxial compression, related to the angle of 
shear resistance 𝜙M9K  

Characteristic pressure, 𝒑𝒄 (kPa)  
(model 1-option 1 and model 2) Limiting confining stress at which 𝑝� = 𝑝�∗ = 𝑝M 

Characteristic stress ratio, 𝜶𝒄 
(model 1-option 2) 

Isotropic loading tests 

Maximum collapse parameter, 𝒃  
(model 2) 

Isotropic loading tests 

Fully saturated compressibility coefficient, 
𝝀(𝟎) 

Fully saturated isotropic loading 

Elastic compressibility coefficient, 𝜿 Fully saturated isotropic unloading 

Specific volume at unit pressure for fully 
saturated conditions, 𝒗𝟏 

fully saturated isotropic loading and unloading 

Maximum soil stiffness parameter, 𝒓 Isotropic compression tests at constant value of 
suction  

Soil stiffness increase parameter, 𝜷 (1/kPa) 
Isotropic compression tests at constant value of 

suction 
Elastic compressibility coefficient for changes 

in suction, 𝜿𝒔 (kPa) 
Drying test and constant confining stress 

Poisson ratio, 𝝂 or G or 𝑮 𝒑𝟎⁄  Triaxial compression test  

Plastic compressibility coefficient for changes 
in suction, 𝝀𝒔 

Drying test and constant confining stress 

Air-entry value of suction, 𝒔𝒂𝒊𝒓 (kPa) From the retention curve 

Yield value of equivalent suction, 𝒔𝟎 (kPa) Usually a high value if it is not to be mobilised 

Cohesion increase parameter, k 
Constant or 𝑺𝒓 

Unsaturated drained triaxial compression test or 
SÉ 

Atmospheric pressure, 𝒑𝒂𝒕𝒎 (kPa) Known Constant 

Minimum bulk modulus, 𝑲𝒎𝒊𝒏 (kPa) Parameter of numerical nature 

Yield surface switch on dry side, 𝒀𝑺𝑺 0 or 1 

Hvorslev surface parameter, 𝜶𝑯𝑽 Triaxial compression 

Hvorslev surface parameter, 𝜷𝑯𝑽 Triaxial compression 

Hvorslev surface fitting parameter, n Triaxial compression 

Hvorslev surface fitting parameter, m Triaxial compression 
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For the calibration of the model an adequate testing programme is needed and should consist 
of the following laboratory experiments (Tsiampousi, 2011): 
 

• a fully saturated undrained triaxial compression test to obtain the parameters 𝑀0 and 𝐺. 
Additional unsaturated triaxial compression tests are required, both on the wet and on 
the dry side of the critical state, to calibrate the shape parameters 𝛼^, 𝜇^, 𝛼� and 	𝜇�, 
and, if activated, the Hvorslev surface parameters (𝛼¡¢, 𝛽¡¢, 𝑛 and 𝑚); 

 
• a fully saturated isotropic loading and unloading test to obtain the parameters 𝜆(0), 𝜅, 

𝑣�(0) and 𝑝�∗;  
 

• at least two isotropic loading tests at different values of suction to establish the 
parameters 𝑟, 𝛽 and 𝑝M or 𝛼M or 𝑏;  

 
• an unconfined drying/wetting cycle to determine the soil-water retention curve and the 

parameters 𝑠-01, 𝑠�, 𝜅9 and 𝜆9;  
 

• an unsaturated drained triaxial compression test to determine the cohesion increase 
parameter 𝑘, unless the increase in apparent cohesion is assumed to vary with the degree 
of saturation, 𝑆1.  

 
The laboratory tests listed above represent the minimum required for the calibration of the 
model. Nevertheless, for a more reliable estimation of model parameters, which would allow 
the framework to express its full potential, a considerably larger number of experiments would 
be necessary. 
 
3.3.5 Conclusion and current use of the model 
 
The model described insofar has been used for the modelling of natural, unsaturated, 
moderately expansive clays (Georgiadis et al., 2003; Tsiampousi et al., 2016). However, its 
applicability to compacted clays, which are the subject of this thesis, has not been 
demonstrated. The following section is dedicated to assessing the performance of the model by 
Georgiadis et al. (2005) and Tsiampousi et al. (2013a) when analysing compacted clays which 
are characterised by different swelling potentials. As discussed in Chapter 2, these materials 
present a double-porosity structure. Therefore, for clarity, the model by Georgiadis et al. (2005) 
and Tsiampousi et al. (2013a) is referred to as the Imperial College Single Structure Model (IC 
SSM) from now onwards. 
 
 
3.4 APPLICABILITY OF THE IC SSM FRAMEWORK TO COMPACTED SOILS 
 
The IC SSM, described in the previous section, is now employed in a numerical study of the 
behaviour of expansive compacted clays of increasing levels of swelling potential. Firstly, 
moderately expansive London Clay is considered, followed by the highly swelling MX-80 
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bentonite. This provides an assessment of the predictive capabilities of the model, prior to any 
further development. In the following sections, selected tests on London Clay and MX-80 
bentonite are reproduced through single-element analyses which employ the IC SSM 
implemented in ICFEP. 
 
3.4.1 Numerical study of London clay with the IC SSM 
 
London Clay is a moderately swelling clay that, as documented in Monroy et al. (2010), 
presents a double porosity structure when compacted on the dry side of optimum water content. 
In recent years, its hydro-mechanical behaviour has been thoroughly examined in the 
Geotechnics Laboratory at Imperial College London, through strength characterisation of the 
clay in its natural and reconstituted states (Gasparre, 2005) and oedometric studies in its 
compacted states (Monroy et al., 2010, 2015). The clay’s moderate swelling behaviour fits the 
premise of the IC SSM framework. The results of the numerical investigation of London Clay, 
preceded by details of the calibration process, are presented hereafter.  
 
3.4.1.1 Experiment 
 
The study presented in Monroy et al. (2010), involving oedometer testing of compacted 
London clay, is chosen for numerical investigation. The current thesis makes use of the 
following two sets of tests: 
 

• The first set comprises three free swelling tests, reported in Figure 3.13. Each sample 
undergoes a process of static compaction until it reaches the initial condition (labelled 
“starting point” in Figure 3.13 and summarised in Table 3.2). Subsequently, the tests 
consist of two phases: 1) wetting at constant vertical net stress of about 0.007 MPa 
(labelled “wet” in Figure 3.13), where the samples are hydrated while laterally confined 
and consequently expanding (swelling) axially, to suction levels of 0, 0.12 and 0.43 
MPa. This also causes an increase in void ratio under a constant vertical net stress. 2) 
Loading, by increasing the vertical stress, at constant suction achieved at the end of the 
previous wetting stage (labelled “load” in Figure 3.13). 
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Figure 3.13: Free swell tests on London Clay from Monroy et al. (2010). 

Table 3.2: Initial conditions for London Clay tests. 

Parameter Value 

Sample dimensions,  𝑫×𝑯 [mm	×	mm] 75 × 30 

Dry density, 𝝆𝒅 [𝑴𝒈 𝒄𝒎𝟑⁄ ] 1.38 

Water content, 𝒘 [%] 23.6 

Degree of saturation, 𝑺𝐫 [%] 67 

Void ratio, 𝒆 0.95 

Suction, 𝒔 [MPa] 0.99 

Vertical stress, 𝝈𝒗 [kPa] 7 

 
• The second set comprises three confined wetting tests, reported in Figure 3.14. Each 

sample undergoes a process of static compaction until it reaches the same initial 
conditions as above (labelled “starting point” in Figure 3.14 and summarised in Table 
3.2). Subsequently, the tests consist of two phases: 1) wetting at constant volume 
(labelled “wet and load” in Figure 3.14), where the material is hydrated under constant 
volume conditions, therefore developing the vertical net stress. 2) Loading at constant 
suction (labelled “start of the constant suction loading path” in Figure 3.14), where the 
specimens are loaded under constant suction of 0, 0.12 and 0.405 MPa, respectively, 
achieved at the end of the previous stage.  
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Figure 3.14: Confined wetting tests on London Clay from Monroy et al. (2010). 

 
3.4.1.2 Calibration of the IC SSM for London Clay 
 
Experimental observation of the oedometric behaviour 
With reference to Figure 3.13 and 3.14, it is noted that the compressibility of the soil post-yield 
increases with suction, i.e. the normal compression lines tend to converge at higher values of 
vertical net stress. This is in contrast with the assumption of the IC SSM which, similar to the 
BBM, assumes the unsaturated post-yield compressibility coefficient,	𝜆, to decrease with 
suction, as shown in Figure 3.8(a). 
 
Potentially, this is a limitation of the framework that adopts the BBM’s assumption of 
decreasing post-yield compressibility with suction. However, Wheeler et al. (2002) debated 
that it is still possible to model soils where the collapse potential decreases with increasing net 
stress, by selecting suitable values for the model parameters 𝑟 and 𝑝M. In particular, 𝑟 > 1 and 
a large value of	𝑝M would have to be imposed. However, 𝑝M must be equal or larger than 𝑝�∗ in 
order to preserve the correct functioning of the model (Georgiadis, 2003). Furthermore, as 
pointed out by Sheng (2003), the solution proposed in Wheeler et al. (2002) implies 
inconveniencies such as the non-convexity of the LC yield surface. Therefore, in the current 
thesis, the solution proposed to work around this issue is to employ option 2 of the IC SSM. 
As described earlier, this option assumes that, upon reaching the stress level 𝑝«, the slope of 
the compression line changes to 𝜆(0) from the initial 𝜆(𝑠#D,0) (shown as “option 2” in Figure 
3.15).  
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Figure 3.15: Option 2 assumes constant slope after yielding. 

The calibration of the model then requires that the parameters 𝜅 and 𝜆(0) are estimated first, 
from the tests depicted in Figure 3.13. This is achieved by measuring the slope of the stress 
path of each of the tests before and after the yielding point, which is marked with a black dot 
in Figure 3.13. These experimental yield points,	𝑝�, are thus measured and used to fit the 
numerical expression of the LC curve reported in Equation (3.70), to produce a relationship 
between the 𝑝� and 𝑠#D as depicted in Figure 3.16. The values of	𝜆A𝑠#DE employed to fit 
Equation (3.67), are back-calculated by expressing Equation (3.49) in terms of 𝜆A𝑠#DE, as 
shown below: 

   (3.89) 

and imposing 𝑝« to be equal to the measured yield points. The function 𝜆A𝑠#DE expressed in 
Equation (3.67) is fitted with the measured values of 𝜆A𝑠#DE, as depicted in Figure 3.17, with 
parameters	𝛼M, 𝑟 and	𝛽 estimated to provide the best fit. The assumed value for the air entry 
suction is 0.02 MPa (Monroy et al., 2010). 
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Figure 3.16: Fit of the LC curve against experimental yield points. 

 
Figure 3.17: Fit of the exponential expression of the compressibility coefficient against back-

calculated values of	𝜆. 

The elastic compressibility coefficient for changes in suction, 𝜅9, is estimated using data from 
the wetting at constant vertical load, shown in Figure 3.13. The experimental points are plotted 
in the (𝑠#D − 𝑒) plane and fitted with a line (as shown in Figure 3.18), the slope of which 
provides an estimate of 𝜅9.  
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Figure 3.18: Estimation of 𝜅9  from the free swelling tests. 

 
Triaxial behaviour 
The strength parameters are set to the values of 𝑀^ = 𝑀� = 0.85, which were obtained from 
triaxial compression tests performed on intact samples of London clay by Gasparre (2005). The 
Modified Cam Clay shape for the yield surface is adopted, which is defined by the values 𝛼^ =
0.4 and 𝜇^ = 0.9. The plastic potential surface is assumed to be associated and therefore  𝛼� =
0.4 and 𝜇� = 0.9. 
 
Other parameters 
The Poisson ratio is set to 𝜐 = 0.3 (Gasparre, 2005). The limit suction, 𝑠�, is assumed to be a 
very large number, so that the secondary SI surface is never activated in the analysis. 
Consequently, the value of λß becomes irrelevant and is arbitrarily set to 0.5. The minimum 
bulk modulus is set to 𝐾«0' = 10	𝑘𝑃𝑎. 
 
List of calibrated model parameters 
The complete list of parameters employed by the IC SSM for the characterisation of compacted 
London Clay is reported in Table 3.3. 
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Table 3.3: Mechanical parameters for London Clay. 

Parameter Value 

Parameters controlling the shape of the yield surface, 𝜶𝒇, 𝝁𝒇 0.4 , 0.9 

Parameters controlling the shape of the plastic potential surface, 𝜶𝒈, 𝝁𝒈 0.4 , 0.9 

Strength parameters, 𝑴𝒇, 𝑴𝒈 0.85 

Characteristic stress ratio, 𝜶𝒄 1.98 

Fully saturated compressibility coefficient, 𝝀(𝟎) 0.152 

Elastic compressibility coefficient, 𝜿 0.02 

Maximum soil stiffness parameter, 𝒓 0.45 

Soil stiffness increase parameter, 𝜷 (1/kPa) 0.011 

Elastic compressibility coefficient for changes in suction, 𝜿𝒔 (kPa) 0.05 

Poisson ratio, 𝝂 0.3 

Plastic compressibility coefficient for changes in suction, 𝝀𝒔 0.5 

Air-entry value of suction, 𝒔𝒂𝒊𝒓 (kPa) 20 

Yield value of equivalent suction, 𝒔𝟎 (kPa) 106 

Cohesion increase parameter, k 
Constant or 𝑺𝒓 

Sr 

Atmospheric pressure, 𝒑𝒂𝒕𝒎 (kPa) 101.3 

Minimum bulk modulus, 𝑲𝒎𝒊𝒏 (kPa) 10.0 

Hvorslev surface switch, 𝒀𝑺𝑺  0 

 
Hydraulic properties 
A Van Genuchten non-linear, non-hysteretic soil water retention curve (SWRC; Van 
Genuchten, 1980) is employed for London clay. In particular, the formulation as expressed in 
Tsiampousi (2011) is adopted. Therefore: 

   (3.90) 

where 𝑆1� is the degree of saturation in the long term, i.e. the degree of saturation that 
corresponds to suction in the long term, 𝑠�. 𝛼, m and n are fitting parameters. Finally, 𝑠à is the 
suction at which Ω becomes zero. The curve is fitted using the experimental data from Briggs 
et al. (2013), as shown in Figure 3.19. The list of parameters for the SWRC is given in Table 
3.4. The permeability of London Clay is fixed at = 5 ∙ 10�á 𝑚 𝑠⁄   (Briggs et al., 2013).  
 

( )0 0
1 1

1

m

r r rn

eq

S S S
sa

é ù
ê ú= × - +
ê úé ù+ ×ë ûë û



109 
 

Table 3.4: Hydraulic parameters for London Clay’s SWRC. 

Parameter Value 

Air entry suction, 𝒔𝒂𝒊𝒓 [kPa] 20 

Fitting parameter, 𝜶 0.033 

Fitting parameter, 𝒏 1.15 

Fitting parameter, 𝒎 0.13 

Suction at which Ω becomes zero, 𝒔𝛀 [kPa] 106 

Residual degree of saturation, 𝑺𝒓𝟎 0.2 

Suction in the long term, 𝒔𝟎 [kPa] 106 

 

 
Figure 3.19: SWRC of London Clay. 

 
3.4.1.3 Analysis 
 
The Monroy et al. (2010) tests described above are reproduced by performing single-element 
axisymmetric analyses. Each experiment is characterised by the initial conditions of the sample 
summarised in Table 3.2. The boundary conditions are described below: 
 

§ Simulation of free swelling tests 
• wetting at constant vertical load 

Zero vertical displacements are imposed on the bottom boundary of the element, 
while horizontal displacements are prescribed as zero on the axis of symmetry 
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and on the lateral vertical boundary of the element, thus simulating a rigid 
oedometer ring which prevents lateral deformations of the soil sample. The 
wetting is simulated by progressively reducing suction over the whole element 
(drained analysis), from its initial value of 1 MPa (Table 3.2) to the desired 
levels (0.43, 0.12 or 0 MPa).   
 

• loading at constant suction 
Displacement boundary conditions remain unchanged from the previous phase. 
Wetting of the sample is stopped and suction remains constant during the 
gradual increase in vertical stress, which is applied on the top boundary of the 
element, from the initial value of 0.007	MPa to just over 0.5	MPa. 
 

§ Simulation of confined wetting tests 
• wetting at constant volume 

Zero vertical displacements are imposed on the top and bottom boundaries of 
the element, while horizontal displacements are prescribed as zero on the axis 
of symmetry and on the lateral vertical boundary of the element, hence 
preventing any volume change. As before, the wetting is simulated by 
progressively reducing suction over the whole element (drained analysis), from 
the initial 1 MPa in the as compacted state, to the values of 0.405, 0.12 or 0 
MPa. 
 

• loading at constant suction  
The vertical displacements at the top of the element are no longer restrained, 
while the remaining displacement boundary conditions from the previous phase 
are still in place. A gradual increase in vertical stress is applied on the top 
element boundary, until just over 0.5	 MPa. 
 

3.4.1.4 Results and discussion 
 
The results from the analyses are reported in Figures 3.20 and 3.21, for the free swell and the 
confined wetting, respectively. The numerical results, plotted with solid lines, are compared 
with the experimental data shown as symbols (open circles). The free-swelling tests in Figure 
3.20 show accurate volumetric expansion for samples hydrated to suctions of 430 and 120 kPa, 
while that under full hydration (to zero suction) is slightly underestimated. The subsequent 
compression paths capture accurately the yielding points and the post-yielding paths of all three 
experiments. A similar level of accuracy of the numerical predictions is seen in Figure 3.21 for 
confined wetting tests. Hence, the results demonstrate that the modelling of the compacted 
London clay has been carried out in a satisfactory manner using the IC SSM, which is 
consistent with the premise that a moderately swelling material can be convincingly simulated 
using a single porosity structure constitutive framework. 
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Figure 3.20: Simulations of the free swell test data from Monroy et al. (2010). 

 

 
Figure 3.21: Simulations of the confined wetting test data from Monroy et al. (2010). 

 
3.4.2 Numerical study of MX-80 bentonite with the IC SSM 
 
MX-80 bentonite is a highly swelling clay that makes an ideal candidate for employment as 
the buffer material in nuclear waste disposal applications, hence its behaviour is of direct 
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interest to the scope of this thesis. In this section, the IC SSM is employed to model MX-80 
bentonite. Its characteristically strong swelling potential is outside the range of applications 
originally envisaged for single structure models such as BBM (Alonso et al, 1990) and IC SSM 
introduced above. Some difficulties are, therefore, expected in capturing the experimental 
measurements with the numerical predictions. The results of the numerical investigation, 
preceded by some details on the calibration process, are presented below. 
 
3.4.2.1 Experiment 
 
The oedometer test performed by Villar (2005) is selected to assess the performance of the IC 
SSM in the simulation of MX-80 bentonite behaviour. The experimental stress path is shown 
in Figure 3.22 and the sample’s initial conditions are summarised in Table 3.5. The test 
comprises two phases: wetting under constant applied load, followed by loading under constant 
suction. In the first phase, the sample swells vertically in the cell, as it is soaked, from an initial 
suction of 47	 MPa to 1.4	 MPa, under a constant vertical net stress of 0.1	 MPa. This results 
in the increase in void ratio, from its initial value of 𝑒0' = 0.66. In the second phase, the 
specimen is compressed, maintaining a constant suction at 1.4 MPa and increasing the vertical 
stress to 5	𝑀𝑃𝑎. 

 
Figure 3.22: Stress path in the oedometer test by Villar (2005). 

Table 3.5: Initial conditions for the oedometric test run by Villar (2005). 

Parameter Value 

Sample dimensions,  𝑫×𝑯 [mm	×	mm] 45 × 12 

Dry density, 𝝆𝒅 [𝑴𝒈 𝒄𝒎𝟑⁄ ] 1.69 

Void ratio, 𝒆 0.66 

Suction, 𝒔 [MPa] 47 

Applied vertical stress, 𝝈𝒗[MPa] 0.1 
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3.4.2.2 Calibration of the IC SSM for MX-80 bentonite 
 
Isotropic behaviour 
Tests carried out in an isotropic cell allow the estimate of the pre- and post-yield 
compressibility, expressed by the parameters	𝜅 and 𝜆(0), as well as the variation of the latter 
with equivalent suction, dictated by the parameters 𝑟 and 𝛽.  
  
The isotropic experiments selected to help characterise MX-80 bentonite are three isothermal 
tests performed in a suction-controlled isotropic cell by Tang et al. (2008). The initial 
conditions for these tests are summarised in Table 3.6. The experimental stress paths are 
reported in Figure 3.23: from the initial compacted state, characterised by the void ratio 0.52 
and the suction 110 MPa, the material is soaked and undergoes a phase of wetting, with 
samples reaching 39	 MPa (T3), 9 MPa (T2) and 0.1 MPa (T1) of suction. Subsequently, each 
sample is loaded isotropically at constant suction, achieved in the wetting stage: samples T1 
and T2 to the maximum load of 5 MPa and sample T3 to 10 MPa. It is relevant to note that in 
tests T2 and T3, the post-yield slope of the compression curves seems to be still changing at 
the end of these experiments. This implies that the loading may have stopped prematurely, thus 
making it difficult to establish accurately the gradient of the post-yield compression curve. In 
general, should the capacity of the laboratory equipment allow it, extending compression paths 
to higher loads would be beneficial, for more accurate interpretation of the post-yield 
compressibility. 

 
Figure 3.23: Experimental stress paths from Tang et al. (2008).  
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Table 3.6: Initial conditions for the isotropic tests run by Tang et al. (2008). 

Parameter Value 

Sample dimensions,  𝑫×𝑯 [mm	×	mm] 80 × 15 

Dry density, 𝝆𝒅 [𝑴𝒈 𝒄𝒎𝟑⁄ ] 1.78 

Void ratio, 𝒆 0.52 

Suction, 𝒔 [MPa] 110 

Applied stress, 𝒑 [MPa] 0.1 

Temperature, 𝑻 [℃] 25 

 
From each of the three loading stress paths an estimate is made of the unload-reload line (URL), 
to evaluate the elastic compressibility parameter, 𝜅, and of the isotropic compression line 
(ICL), to evaluate the post-yield compressibility parameter, 𝜆(𝑠#D). An example is given in 
Figure 3.24 for the test T1 and the estimated values from all tests are summarised in Table 3.7. 
The assumed value for the air entry suction is 1 MPa, as it will be stated when discussing the 
hydraulic properties subsequently. The elastic compressibility parameter, 𝜅, is assumed 
constant with respect to suction in the IC SSM framework. As the values in Table 3.7 indicate 
some variation with suction, a range of values for 𝜅 can be defined. The chosen value is 
reported in Table 3.8. The post-yield compressibility from test T1 is a direct measurement of 
the model parameter 𝜆(0), as this sample is practically saturated after reaching 0.1 MPa suction 
in the wetting phase. Plotting 𝜆(0) together with the 𝜆A𝑠#DE coefficients from tests T2 and T3, 
in in Figure 3.25, enables the fitting of Equation (3.67) and the estimate of parameters 𝑟 and 
𝛽.  
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Figure 3.24: Bilinear approximation of test T1 from Tang et al. (2008). 

Table 3.7: Interpretation of the isotropic tests: measured slopes of the Unloading Reloading Line 
(URL) and Isotropic Compression Line (ICL) approximating the Tang et al. (2008) tests. 

Test 𝒔𝒆𝒒 [MPa] URL slope, 𝜿 ICL slope, 𝝀(𝒔𝒆𝒒) 

T1 0 0.1 0.25 

T2 8 0.05 0.19 

T3 38 0.03 0.16 
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Figure 3.25: Calibration of the post-yield compressibility function, 𝜆A𝑠#DE.  

 
Oedometric one-dimensional behaviour 
The work by Villar (2005) is selected from the literature to investigate the elastic 
compressibility coefficient with respect to changes in suction,	𝜅9. In particular, two oedometer 
tests are considered, with their experimental stress paths in the 𝜎y − 𝑒 plane reproduced in 
Figure 3.26. In the first experiment (for the sake of clarity identified as V1) the sample is 
compacted to an initial suction of 47	 MPa and void ratio of 0.66. It is first wetted until reaching 
the suction 𝑠 = 1.4	 MPa, with void ratio increasing to about 1.1, and then loaded at constant 
suction. In the second experiment (V2) the sample is wetted from the initial 𝑠0' = 14	 MPa and 
𝑒0' = 0.73 to full saturation, followed by subsequent loading at constant suction. 
 
Focusing solely on the wetting phase, a range of values for the elastic compressibility 
coefficient	𝜅9 can be defined by calculating the ratio of the change in void ratio over the change 
in suction. In this case, 𝜅9 ranges from approximately 0.05 to 0.09. The chosen value is reported 
in Table 3.8. 
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Figure 3.26: Experimental stress paths from Villar (2005). 

 
Triaxial behaviour 
Triaxial tests are needed to characterise the following model parameters: the strength 
parameters,	𝑀^ and 𝑀�, and the shape parameters of the yield (𝛼^, 𝜇^) and plastic potential 
(𝛼�, 𝜇�) surfaces in the  mean stress – deviatoric stress, 𝑝 − 𝐽, plane. The experiments selected 
to calibrate the IC SSM are one undrained and one drained triaxial compression tests, 
conducted on fully saturated compacted samples (𝜌L1Y~1.8	g/cmv) of normally consolidated 
MX-80 bentonite by Dueck & Nilsson (2010). Their respective stress paths are shown in Figure 
3.27(a) and Figure 3.27(b). It could be argued that the material seems to soften after reaching 
a peak deviatoric stress, which is a behaviour typical of an over-consolidated sample rather 
than a normally consolidated one, as stated and termed in Dueck & Nilsson (2010). Providing 
additional information about sample preparation would be welcome and could perhaps render 
the interpretation of these tests slightly less ambiguous.  

   
(a) (b) 

Figure 3.27: Estimation of the CSL slope from (a) an undrained triaxial test and (b) a drained triaxial 
test. 
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The Critical State Line (CSL) is approximated in both figures, indicating the stress ratio at 
failure,	(𝑞 𝑝K⁄ )� = 𝑀� = 0.5. 𝑀� is related to the angle of shearing resistance in triaxial 
compression, 𝜙′M9, by the following equation:  

   (3.91) 

The measured 𝑀� corresponds to 𝜙′M9 = 14°. Despite this value appearing quite low at first, 
several investigations conducted on expansive materials corroborate this result. Figure 3.28 
reports data measured for a variety of bentonite materials (Dueck et al., 2010) and it can be 
observed that the two aforementioned tests (marked as T38 and T39) fall close to the average 
curve for the Na-bentonite in the part of the curve which can be approximated with the gradient 
𝑀� = 0.5, in the mean stress range from 0	kPa to 2000	kPa. 

 
Figure 3.28: Data on critical state of swelling clays taken from the literature (Dueck et al., 2010). 

In general, only a limited quantity of triaxial testing on unsaturated MX-80 bentonite can be 
found in the literature. For this reason, it is usually difficult to characterise the shape of the 
yield and plastic potential functions in the 𝑝 − 𝐽 plane. Consequently, despite the IC SSM 
allowing for a whole range of shapes, it was decided here to opt for an associated modified 
Cam-Clay ellipse in the 𝑝 − 𝐽 plane. Therefore, the shape parameters are set to 𝛼^ = 𝛼� = 0.4 
and 𝜇^ = 𝜇� = 0.9. Furthermore, 𝑀^ = 𝑀� is imposed.  
 
Other parameters 
The Poisson ratio is set to 𝜐 = 0.4 (Börgesson & Hernelind, 2014; Cho et al. 2002). The limit 
of suction, 𝑠�, is assumed to be a very large number, so that the SI surface is never activated in 
the analysis. Consequently, the value of λß becomes irrelevant and is arbitrarily set to 0.5. The 
minimum bulk modulus is set to 𝐾«0' = 1000 kPa. 
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Parameter list 
The complete list of parameters employed by the IC SSM and their values obtained from the 
characterisation of MX-80 bentonite, are reported in Table 3.8. 

Table 3.8: Mechanical parameters for MX-80 bentonite. 

Parameter Value 

Parameters controlling the shape of the yield surface, 𝜶𝒇, 𝝁𝒇 0.4 , 0.9 

Parameters controlling the shape of the plastic potential surface, 𝜶𝒈, 𝝁𝒈 0.4 , 0.9 

Strength parameters, 𝑴𝒇, 𝑴𝒈 0.5 

Characteristic pressure, 𝒑𝒄 (kPa) 1000 

Fully saturated compressibility coefficient, 𝝀(𝟎) 0.25 

Elastic compressibility coefficient, 𝜿 0.08 

Maximum soil stiffness parameter, 𝒓 0.61 

Soil stiffness increase parameter, 𝜷 (1/kPa) 0.00007 

Elastic compressibility coefficient for changes in suction, 𝜿𝒔 (kPa) 0.06 

Poisson ratio, 𝝂 0.4 

Plastic compressibility coefficient for changes in suction, 𝝀𝒔 0.5 

Air-entry value of suction, 𝒔𝒂𝒊𝒓 (kPa) 1000 

Yield value of equivalent suction, 𝒔𝟎 (kPa) 106 

Cohesion increase parameter, k  
Constant or 𝑺𝒓 

Sr 

Atmospheric pressure, 𝒑𝒂𝒕𝒎 (kPa) 100.0 

Minimum bulk modulus, 𝑲𝒎𝒊𝒏 (kPa) 1000.0 

Hvorslev surface switch, 𝒀𝑺𝑺 0 

 
 
Hydraulic properties 
A Van Genuchten non-linear, non-hysteretic soil water retention curve (Van Genuchten, 1980; 
Tsiampousi, 2011) is employed for MX-80 bentonite. The curve is fitted using the experimental 
data from Marcial et al. (2008), as shown in Figure 3.29. The list of parameters for the SWRC 
is given in Table 3.9. 
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Table 3.9: Hydraulic parameters for MX-80 bentonite’s SWRC. 

Parameter Value 

Air entry suction, 𝒔𝒂𝒊𝒓 [kPa] 1000 

Fitting parameter, 𝜶 0.000028 

Fitting parameter, 𝒏 1.3 

Fitting parameter, 𝒎 1.0 

Suction at which Ω becomes zero, 𝒔𝛀 [kPa] 4·105 

Residual degree of saturation, 𝑺𝒓𝟎 0.15 

Suction in the long term, 𝒔𝟎 [kPa] 4·105 

 

 
Figure 3.29: SWRC of MX-80 bentonite. 

The permeability of MX-80 bentonite is considered to vary with suction, according to the de-
saturation model available in ICFEP (Potts & Zdravkovic, 1999; Nyambao & Potts, 2010). 
This model assumes that permeability reduces from its saturated value, 𝑘9-(, to an appropriate 
minimum value, 𝑘«0', over a range of suction change from 𝑝� to 𝑝�, as shown in Figure 3.30 
where suction is indicated as a positive pore pressure.  The saturated permeability of MX-80 
bentonite is estimated at 3 ∙ 10��v 𝑚 𝑠⁄  (Marcial et al., 2008) and additional data reported in 
Marcial et al. (2008) was used by Mantikos (2013) to fit the de-saturation model. This is shown 
in Figure 3.31 while the estimated model parameters are reported in Table 3.10. 
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Figure 3.30: Variable permeability model (Potts & Zdravkovic, 1999; Nyambao & Potts, 2010). 

Tension positive convention is adopted in ICFEP, therefore positive pore pressure is suction. 

 
Figure 3.31: Variable permeability assumed for MX-80 bentonite (after Mantikos, 2013). 

Table 3.10: Permeability parameters for the bentonite. 

Parameter Value 

Saturated permeability, 𝒌𝒔𝒂𝒕 [𝒎 𝒔⁄ ] 3·10-13 

Minimum permeability, 𝒌𝒎𝒊𝒏 [𝒎 𝒔⁄ ] 2·10-14 

Suction, 𝒑𝟏 [kPa] 1000 

Suction, 𝒑𝟐 [kPa] 20000 
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3.4.2.3 Analysis 
 
A single-element, axisymmetric analysis, of the type employed in the investigation of 
compacted London clay behaviour is carried out to reproduce the Villar (2005) test. The initial 
conditions were reported in Table 3.5. The boundary conditions employed in the simulation 
are the following: 

 
• wetting phase 

Vertical displacements are restricted on the bottom of the single element, while 
horizontal displacements are prescribed as zero on the axis of symmetry and on 
the lateral vertical boundary, to simulate oedometric loading. Suction is 
progressively decreased in the element, from its initial value of 47 MPa to 
1.4	MPa. 
 

• loading phase 
The displacement boundary conditions remain unchanged from the previous 
phase. Wetting of the sample is stopped and suction then remains constant. A 
constant increase in vertical stress is applied on the upper boundary, from the 
initial value of 0.1	MPa to just over 5	MPa; 

 
3.4.2.4 Results and Discussion 
 
The results of the simulation are compared with the experimental data in Figure 3.32. The 
agreement proves to be unsatisfactory: the swelling upon hydration is underestimated, as the 
increase in void ratio is considerably under-predicted by the IC SSM. From a numerical 
viewpoint, it could be argued that the model under-predicts elastic swelling. To improve the 
prediction a larger value of 𝜅9 could be used. However, such value would not be consistent 
with the experimental data that was used to calibrate the model. This issue will be addressed 
subsequently when the new model is described. 
 
Furthermore, it should be noted that, while failing to reproduce the wetting phase, the IC SSM 
appears to capture well the loading phase. In order to further investigate the efficiency of the 
IC SSM in reproducing the loading of the material, two loading tests (i.e. no initial wetting 
stage), performed by Dueck & Nilsson (2010) on compacted MX-80 bentonite, have been 
modelled. Figure 3.33 shows the agreement between the experimental data and the numerical 
predictions: as anticipated, the match is quite good. Consequently, the assumptions of the IC 
SSM concerning post-yield behaviour prove to be still valid for expansive clays. This is another 
useful piece of information to consider in the development phase of a new constitutive model. 
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Figure 3.32: Comparison of numerical predictions with the experimental data from Villar (2005). 

 
Figure 3.33: Comparison of numerical predictions with loading test data from Dueck et al. (2010). 
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3.5  SUMMARY AND CONCLUSIONS 
 
The existing ICFEP capabilities, relevant to constitutive modelling of unsaturated soils, were 
presented in this chapter. The formulation explained herein is the starting point of the present 
research.   
 
The elastoplastic constitutive model for the simulation of unsaturated soil behaviour was 
developed and implemented into ICFEP by Georgiadis (2003) and subsequently enhanced by 
Tsiampousi (2011). The model differs from the BBM in the shape of the isotropic compression 
lines assumed under unsaturated states (unsaturated ICL). It allows for a linear, bi-linear or 
non-linear unsat-ICL to be employed. The latter option is believed to be more realistic as it is 
derived from the variation of potential wetting induced collapse with the isotropic yield stress. 
However, it could not be adopted for the analyses presented in this chapter due to the 
insufficient laboratory data to define the necessary parameters. 
 
Two stress variables are used in the formulation of the model: the equivalent stress,	𝜎, and the 
equivalent suction, 𝑠#D. Both are dependent on the air-entry value of suction,	𝑠-01. In this way, 
the transition from full to partial saturation is modelled to occur at 𝑠-01. The models adopt the 
concept of loading-collapse (LC) and suction increase (SI) curves, which were initially 
introduced by Alonso et al. (1990). The Matsuoka-Nakai failure criterion (Potts & Zdravkovic, 
1999) is assumed in the deviatoric plane.  
 
In the 𝑝 − 𝐽 stress plane, the Lagioia et al. (1996) expression, extended to unsaturated states by 
Georgiadis (2003), is employed for the yield and plastic potential functions on the wet side of 
critical state, meanwhile it is possible to opt for the Hvorslev surface, developed by Tsiampousi 
(2011), on the dry side of critical state. In this way, considerable overestimation of the peak 
deviatoric stress can be avoided. Through appropriate adjustment of the parameters associated 
with the Lagioia et al. (1996) expression, a wide variety of shapes can be reproduced and the 
flow rule may be non-associated.  
 
A testing programme consisting of both saturated and unsaturated, isotropic, oedometric and 
triaxial tests is needed for the calibration of the model. In the case when the increase of apparent 
cohesion with suction is driven by the degree of saturation, an investigation of the retention 
properties through one unconfined drying/wetting cycle is also necessary. 
 
Thus far, the model developed by Georgiadis (2003) and enhanced by Tsiampousi (2011) has 
been used for natural clays only. Its applicability to compacted clays is studied in this thesis. 
For this purpose, the model has been renamed IC SSM (Imperial College Single Structure 
Framework) and it has been used to investigate the behaviour of compacted London clay and 
compacted MX-80 bentonite. London Clay has been tested quite extensively at Imperial 
College in recent years and a series of experiments conducted in an oedometer by Monroy et 
al. (2010) was successfully reproduced using the IC SSM framework. However, a less 
satisfying performance was obtained whilst studying MX-80 bentonite which, unlike London 
Clay, is a highly expansive material. An oedometer test by Villar (2005) could not be 
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reproduced. In particular, the expansion of the material upon wetting was underestimated, 
while the compressive behaviour under an increasing load at constant suction was well 
simulated. Such indications suggest an enhancement of the constitutive framework is needed, 
in order to address the observed underestimation of elastic strains. The following two chapters, 
4 and 5, of the present thesis are dedicated to detailing a new constitutive model, based on the 
IC SSM but modified specifically to capture the behaviour of expansive soils. This new 
development is then applied to the investigation of the homogenisation process of a bentonite 
material, both at the laboratory scale (Chapter 6) and at the repository scale (Chapter 7). 
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 CHAPTER 4:  DEVELOPMENT OF THE NEW DOUBLE STRUCTURE 
FRAMEWORK  

 
 
4.1  INTRODUCTION 

This chapter presents the formulation of a new, fully coupled, hydro-mechanical constitutive 
model for unsaturated expansive soils. This framework has been developed during the current 
research project with the purpose of integrating an adequate numerical tool for the 
investigation of bentonite homogenisation into the existing ICFEP modelling capabilities. 
The starting point for the development is the Imperial College Single Structure Model, IC 
SSM, described in Chapter 3.  
 
The main improvement to be applied consists of enhancing the existing formulation through 
the inclusion of the double porosity structure, typical of compacted materials, as discussed in 
Chapter 2. The considerations derived from the evaluation of the limits of applicability of the 
IC SSM, as discussed in Section 3.4, are the key input in formulating the direction of 
development. Among the existing models for expansive soils, the Barcelona Expansive 
Model (BExM, Sanchez et al., 2005) is identified as a plausible framework for the new 
model, as it builds on the premises already encapsulated within the IC SSM formulation. It is, 
however, important to emphasise that, despite adopting some of the assumptions from the 
BExM, the formulation of the new model, termed here the Imperial College Double Structure 
Model (IC DSM), differs from that of the BExM in several important aspects:  
 

• it reformulates the microstructural plastic mechanism to ensure the dimensional 
consistency of the constitutive equations;  

• it introduces a microstructural hardening parameter and an associated hardening law 
in order to track and quantify the evolution of the microstructure;  

• it links the elastic behaviour to the characteristics of the fabric of the clay; and  
• it accounts for the disappearance of the double porosity structure of the clay upon full 

saturation, as discussed in Chapter 2. 

The description of the formulation of the new model is followed by an overview of model 
parameters, most notably those related to the micro-structure. 
 
 
4.2 FORMULATION OF THE CONSTITUTIVE MODEL 
 
The IC DSM envisages two separate levels of structure in a compacted clay: the macro- and 
the micro-structure, each observed at the macro- and the micro-scale, respectively. With 
reference to the description of the fabric of compacted clays in Chapter 2, groups of closely-
packed clay particles, called aggregates, alternated with macro-pores can be distinguished at 
the macro-scale. Conversely, the micro-scale gives an insight into the structure of a single 
aggregate, which consists of a stack of alternating layers of clay and water. The new model 
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characterises the constitutive behaviour of a material as an interaction of these two levels of 
structure, which are assumed to be elastoplastic and not independent. 
 
Similar to the BExM (Alonso et al., 1999; Sanchez et al., 2005), the IC DSM assumes the 
macro-structure to be generally unsaturated, with its behaviour described by the IC SSM 
framework (in the case of the BExM the macro-structure is governed by the BBM framework 
of Alonso et al., 1990). Conversely, the micro-structure is assumed to be fully saturated, with 
its behaviour characterised through three micro-structural parameters: the void factor, the 
interaction functions and the micro-structural compressibility coefficient. In addition, 
hydraulic equilibrium between the two levels of structure is assumed, i.e. a unique suction is 
employed in the model. 
 
The formulation of the IC DSM model is described in detail in the subsequent sections, with 
the focus on the interaction between the two levels of structure. All information about the 
macro-structural aspect of the model was given in Chapter 3 when presenting the IC SSM. 
 
4.2.1 Stress Variables 
 
The IC DSM formulation is generalised in the  𝐽 − 𝑝 − 𝜃 − 𝑠&' stress space, where 𝐽, 𝑝 and 𝜃 
are the three invariants of the equivalent stress tensor, described in Section 3.3.2 and 
expressed in Equations (3.45) to (3.47), and 𝑠&' is the equivalent suction, expressed in 
Equation (3.2). Thanks to the hypothesis of hydraulic equilibrium between the two levels of 
structure, there is no need to define two independent suction variables, one for each level of 
structure. The shortcomings of this hypothesis are considered negligible for highly expansive 
soils. This assumption was adopted in order to avoid increasing the complexity of the 
constitutive model, considering that there is no definitive experimental evidence available on 
the subject. Therefore, only the macro-structure can saturate and de-saturate: for unsaturated 
conditions (𝑠 > 𝑠)*+, where  𝑠)*+ is the air-entry value of suction), its behaviour is formulated 
in terms of equivalent stress and equivalent suction (i.e. two independent stress variables), 
whereas for fully saturated states (𝑠 ≤ 𝑠)*+) the model performs under effective stresses and 
the generalised formulation in the 𝐽 − 𝑝′ − 𝜃 stress space, where 𝑝′ is the mean effective 
stress. 
 
On the other hand, the micro-structure is assumed to be saturated at all times, consequently 
obeying the principle of effective stress. Furthermore, its behaviour is assumed to be purely 
volumetric. Consequently, the micro-structure is controlled entirely by the mean effective 
stress, defined as: 

   (4.1) 

where p is the mean equivalent stress defined in Chapter 3. 
 
 
 
 

' eqp p s= +
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4.2.2 Yield function and Plastic Potential surface 
 
The yield and plastic potential functions of the macro-structure coincide with those of the IC 
SSM (Chapter 3) and, therefore, are not detailed here. However it is noted that the three-
dimensional (3D) view of the yield surface in the 𝑝 − 𝑠&' − 𝐽 space was given in Figure 3.2; 
the primary yield and plastic potential surfaces in the 𝑝 − 𝐽 plane were expressed in Equation 
(3.52) and, in the case of the Hvorslev surface on the dry side of critical state, in Equation 
(3.60); the primary yield surface in the 𝑝 − 𝑠&' plane, i.e. the load-collapse (LC) curve, was 
defined in Equation (3.68) and the secondary yield surface, SI, in Equation (3.77). 
  
4.2.2.1 Microstructural elastic and plastic behaviour 
 
The micro-structure is assumed to produce both elastic and plastic strains. The process of 
choosing a yield and a plastic potential functions for the micro-structure is not simple. In 
effect, the incomplete knowledge of the complex physico-chemical phenomena that take 
place at the micro-scale, which are responsible for the high swelling potential of the material, 
makes it difficult to formulate the micro-structural contribution to the overall elasto-plastic 
behaviour of the material. Hence, at present, the IC DSM aims to introduce and integrate the 
micro-structure into its formulation in a conceptually simple manner so that, once a better 
understanding is achieved, the framework can be modified and improved. 
 
Elastic micro-structural strains 
The deformation of the micro-structure itself is considered elastic, producing purely 
volumetric strains,	{∆𝜀2& }, which are triggered by the change in the mean effective stress, Δ𝑝′. 
Their magnitude is calculated according to Equation (4.2): 

   (4.2) 

where 𝐾2 is the bulk modulus of the micro-structure, defined as: 

   (4.3) 

with 𝜅2 being a new model parameter, representing the elastic compressibility of the micro-
structure, and 𝑒2 being the micro-structural void ratio. For the sake of consistency, the 
following condition must always be satisfied: 

   (4.4) 

where 𝑒8 is the macro-structural void ratio and 𝑒 is the overall void ratio of the material. The 
micro-structural void ratio,	𝑒2, and the total void ratio, 𝑒, are related through the void 
factor,	𝑉𝐹, as: 

   (4.5) 
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The role of the void factor is to characterise the fabric of the material, in terms of quantifying 
the interplay between the micro- and the macro-structure. From Equation (4.5), it follows that 
the value of the 𝑉𝐹 must always be within zero and unity. In particular, if 𝑉𝐹 ≈ 0 then 𝑒2 ≪
𝑒, which means that the fabric is almost completely dominated by the macro-porosity (i.e. 
voids between the groups of clay particles). This is conceptually represented in Figure 4.1(a). 
On the other hand, if 𝑉𝐹 ≈ 1, then 𝑒2 ≅ 𝑒 ⟹ 𝑒8 is very small, which means that the fabric 
resembles that of the micro-structure and no significant macro-pores can be distinguished. 
This is conceptually represented in Figure 4.1(b). The void factor evolves upon loading (i.e. 
upon changes in 𝑝′), from its initial value, and is therefore the hardening parameter of the 
micro-structure. Its hardening rule is presented later. 

  
(a) (b) 

Figure 4.1: Conceptual representations for a fabric which has (a) a void factor close to zero, (b) a 
void factor close to unity (adapted from Gens & Alonso, 1992). 

The possible loading scenarios in the micro-structure are depicted in Figure 4.2, with respect 
to the yield surfaces in the 𝑝 − 𝑠&' plane. The IC DSM introduces the Neutral Line, NL, in 
this plane (according to Alonso et al., 1999; Sanchez et al., 2005), along which Δ𝑝A = 0 and 
no micro-structural deformations are induced. The NL passes through, and moves with, the 
current stress state, marked as C, and separates the zones of micro-structural compression and 
swelling. If Δ𝑝A > 0, i.e. if the stress state moves from C to A, the micro-structure creates 
elastic compressive strains, If Δ𝑝A < 0, i.e. if the stress state moves from C to B,  
microstructural elastic swelling strains arise. With reference to Figure 4.2 assuming the stress 
state corresponds with C, the equation of the Neutral Line is: 

   (4.6) 

where 𝑝DA = 𝑝D + 𝑠&'D  is the current mean effective stress. 

'
' 1 0NL C
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Figure 4.2: Loading scenarios for the microstructure.  

 
Plastic micro-structural strains 
In terms of irreversible behaviour, it is assumed that the micro-structural deformations 
contribute to the total macro-structural plastic strains, the latter becoming the sum of two 
components:   
   (4.7) 

In the above equation, F∆𝜀GD
H I is the vector of plastic strains generated by the macro-structure, 

in the manner presented in Chapter 3 in the formulation of the IC SSM (see Equation 3.3). 
For the sake of clarity, the subscript LC is added here to indicate that these are macro-
structural plastic strains. The component J∆𝜀K

HL is the vector of plastic strains generated by 

the micro-structure, which is distinguished by the subscript 𝛽. Considering Equation (4.7), 
the re-written Equation (3.3) for total strains in the double-structure model IC DSM, 
becomes: 

   (4.8) 

where the elastic terms, {∆𝜀&} and {∆𝜀N&}, include a macrostructural contribution as well as a 
microstructural one, as discussed later on. As anticipated, there is no straightforward manner 
to define the magnitude of the micro-structural plastic strains, ∆𝜀K

H, because of the lack of 
experimental evidence. Therefore, it is assumed that this is equal to a percentage of the 
magnitude of the micro-structural elastic strains, ∆𝜀2& , as expressed in Equation (4.9): 

   (4.9) 

The interaction function, 𝑓K, is a scalar that represents the interaction between macro- and 
micro-structure in Equation (4.9). The value of 𝑓K depends on whether the micro-structure is 
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swelling or compressing, as given in Equation (4.10), while an example of its possible 
variation is plotted in Figure 4.3. 

   (4.10) 

where 𝑐QR, 𝑐QT, 𝑐QU and 𝑐NR, 𝑐NT, 𝑐NU are the shape coefficients for micro-compression and 
micro-swelling, respectively. The example of the interaction function, 𝑓K, in Figure 4.3, is 
obtained with coefficients 𝑐QR = 𝑐NR = −1.1, 𝑐QT = 𝑐NT = 0.1 and 𝑐QU = 𝑐NU = 2. 
 
The ratio 𝑝+ 𝑝X⁄  expresses the degree of open-ness of the macro-structure (Gens and Alonso, 
1999), using as a measure the radial distance of the current stress state from the macro-yield 
surface in the 𝑝 − 𝐽 plane. With reference to Figure 4.4, 𝑝X is the isotropic yield stress and 𝑝+ 
is the isotropic stress related to the surface homothetic to the yield surface that passes through 
the current stress state, 𝑝Q. 
 
It is important to underline that the shape of the functions	𝑓K is a result of qualitative 
considerations (Alonso et al. 1999). Upon micro-compression, 𝑓K can become negative when 
𝑝+ 𝑝X⁄  is close to, or less than, zero (see Figure 4.3), implying that a high-density compacted 
clay is assumed to experience macro-structural swelling upon micro-structural contraction. 
Conversely, upon micro-swelling, 𝑓K can become negative when 𝑝+ 𝑝X⁄  is close to unity, 
implying that a low-density compacted clay undergoes macro-structural compression upon 
micro-structural swelling.  
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Figure 4.3: Interaction functions, 𝑓K. 

 
Figure 4.4: Representation of the geometrical meaning of 𝑝+ 𝑝X⁄ . 

From Equation (4.9) and Equation (4.2), it follows that any change in mean effective stress 
generates plasticity due to the assumed interaction mechanism. Thus, a microstructural plastic 
mechanism is defined, which is termed the 𝛽-mechanism (consistent with Sanchez et al., 
2005). This represents the micro-structural contribution to the overall behaviour of the 
compacted clay. According to the classical plasticity theory, in order to fully define the 𝛽-
mechanism, the yield and plastic potential surfaces must be established. However, it is not 
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straightforward to identify appropriate surfaces to associate with the 𝛽-mechanism. In effect, 
the Neutral Line lacks the characteristics of a proper yield surface as it does not enclose an 
elastic region and, furthermore, the direction of its normal is dependent on the change in 
mean effective stress. Consequently, it is not possible to formulate micro-structural plasticity 
within the boundaries of classical plasticity. The solution, elaborated below, employs the 
generalised plasticity theory. 
 
4.2.2.2 Generalised plasticity theory 
 
The use of generalised plasticity theory (Pastor et al., 1990) is particularly convenient for the 
formulation of micro-structural plasticity, as it does not require the introduction of a yield 
surface. Instead, plasticity can be characterised by three elements: a direction of a loading 
vector, a flow rule and a plastic modulus. These components are described below for the 𝛽-
mechanism. 
 

• Direction of loading vector 
 

   (4.11) 

where 𝜔K = 1 upon compression of the micro-structure (loading), and 𝜔K = −1 upon 
swelling of the micro-structure (unloading), whereas {𝜕𝐹\G 𝜕𝑝⁄ } is the normal to the NL.  
 
The challenge in this approach becomes the numerical aspect of determining the sign of 𝜔K, 
as this depends on the evolution of the micro-structure, which, in turn, is linked to the sign of 
the change in mean effective stress, Δ𝑝′, as explained earlier. However, evaluation of stress 
changes requires integration of the constitutive equations in the solution process of the non-
linear system of the displacement-based finite element equations (as discussed in Chapter 3), 
implying that it is not possible to determine the direction of the micro-structural evolution 
until Δ𝑝′ is obtained. These issues are not discussed in the relevant literature (e.g. Sanchez et 
al., 2005) and this approach is clearly inadequate. The current thesis therefore proposes a 
different approach, based on the changes in the total volumetric strain, Δ𝜀], which can be 
determined from nodal displacements, to decide on the direction of the micro-structural 
evolution: 

1. Δ𝜀] ≥ 0	 ⇒ 𝜔K = 1 (loading and micro-compression) 
2. Δ𝜀] < 0	 ⇒ 𝜔K = −1 (unloading and micro-swelling) 

This assumption allows the implementation of the model in a general finite element software, 
as required to solve boundary value problems.  
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• Flow rule 
 

The flow rule is derived using the image point method, as depicted in Figure 4.4, and it 
accounts for the fact that a stress state below the macro-structural yield surface is no longer 
elastic (which was the assumption of the IC SSM). The introduction of the 𝛽-mechanism has 
not modified the shape of the macro-structural yield surface. The image point is defined as 
the projection of the current stress state onto the macro-structural yield surface in the 𝑝 − 𝐽 
plane. The sketch in Figure 4.4 shows an ellipse as a yield surface, which is one of the 
possible shapes that can be reproduced by Equation (3.50) of the yield function. The same 
principles of the image point method apply to other shapes of the yield surface that can be 
reproduced by Equation (3.52), including the case of the Hvorslev surface present on the dry 
side of critical state expressed by Equation (3.60). It is assumed that the gradient,	𝜂 =
𝐽 a𝑝 + 𝑓(𝑠&')d⁄ , is maintained constant during projection. 
 
The image point is characterised by the stress invariants 𝑝e and 𝐽e. However, a new numerical 
challenge, not discussed in the literature, is the evaluation of the full stress tensor at the 
image point,	{𝜎e} = F𝜎ge		𝜎he 		𝜎ie		𝜏ghe 		𝜏hie 		𝜏gie I. This is only partly defined, as there is an 
infinite number of stress tensors that correspond to the same set of invariants,	(𝑝e, 𝐽e). 
Therefore, in order to obtain	{𝜎e}, scaling is proposed in this thesis, such that the current 
stress state,	{𝜎D} = F𝜎gD		𝜎hD		𝜎iD		𝜏ghD 		𝜏hiD 		𝜏giD I, is scaled by a factor equal to the ratio of 
equivalent mean stress at the image point over that at the current point, 

k𝑝e + 𝑓a𝑠&'dl k𝑝D + 𝑓a𝑠&'dlm . This assumption, although arbitrary, is necessary for the 
model to be fully defined. 
 
Since {𝜎e} can now be calculated, the derivatives of the plastic potential function,	𝐺GD , 
calculated at the image point,		𝜕𝐺GD 𝜕𝜎e⁄ , can be determined:  

   (4.12) 

and then used to express the flow rule of the micro-structure (𝛽-mechanism): 

   (4.13) 

 
• Plastic modulus 

 
Given a generic plastic mechanism, the following relationship holds, from Pastor et al. 
(1990): 

   (4.14) 
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where Λ is the plastic multiplier of the	mechanism, 𝐹 is the yield function and 𝐴 is the plastic 
modulus. In the case of the 𝛽 mechanism, Equation (4.14) becomes: 

   (4.15) 

The plastic modulus	𝐴K in Equation (4.15) must be defined so that Equation (4.9) holds. In 
order to find the appropriate expression, the plastic volumetric strains created by the 
evolution of the micro-structure are expressed in the usual manner: 

   (4.16) 

Substituting Equation (4.15) into Equation (4.16):  

   (4.17) 

Therefore, in order for Equation (4.17) to be equal to Equation (4.9), the plastic modulus 
must have the following form: 

   (4.18) 

This expression differs from that reported in Sanchez et al. (2005) and reproduced below: 

   (4.19) 

where ‖ ‖ is the Euclidean norm. Equation (4.19) does not guarantee equivalence between 
Equation (4.17) and Equation (4.9), and is also dimensionally inconsistent. 
 
4.2.3 Micro-structural evolution upon full saturation 
 
The model takes into account that the fabric of the material undergoes permanent changes 
upon hydration (Seiphoori et al., 2014; Monroy et al., 2010), as discussed in Chapter 2. In the 
IC DSM formulation this implies that the double-porosity model transforms into a single-
porosity model upon full saturation, when the contribution of the micro-structure to the 
overall behaviour ceases to exist and the IC DSM thus performs as the IC SSM. Consistent 
with the experimental evidence for high-density compacted clays, such a change is 
irreversible. It is reminded that, in the IC DSM, saturation corresponds to matric suction,	𝑠, 
becoming smaller than the air-entry value, 𝑠)*+. When this happens for the first time in the 
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suction history of the compacted clay, the void factor,	𝑉𝐹, is set to zero and the 
microstructure ceases to exist. 
 
4.2.4 Overview of the yielding mechanisms 
 
Overall, there are five situations that can occur upon loading in the IC DSM: 
 

a) the clay behaves elastically, if there is no change in effective stress or it has been 
subjected to full saturation, and the stress state is below the macro-structural primary 
and secondary yield surfaces; 

b) plasticity is only introduced by the yielding of the macro-structural primary yield 
surface (i.e. the LC curve in the  𝑝 − 𝑠&' plane or 𝐹GD  in the 𝑝 − 𝐽 plane), if there is 
no change in effective stress or the material has been subjected to full saturation, and 
the stress state has violated the primary yield surface; 

c) plasticity is only introduced by the yielding of the macro-structural secondary yield 
surface (i.e. the SI surface), if there is no change in effective stress or the material has 
been subjected to full saturation, and the stress state has violated the secondary yield 
surface; 

d) plasticity is only introduced by the micro-structure, if there is a change in effective 
stress, but the stress state is below the macro-structural primary and secondary yield 
surfaces; 

e) plasticity is introduced by both the macro-structure and the micro-structure, if there 
is a change in effective stress, and the stress state has reached either of the macro-
structural primary or secondary yield surfaces. 

The formulation of a), b), and c) scenarios corresponds to the IC SSM. The novelty of the IC 
DSM is contained in d) and e), when the microstructure is yielding and the 𝛽-mechanism is 
active.  
 
4.2.5 Hardening/Softening rules 
 
The IC DSM prescribes hardening laws for both the macro- and the micro-structure. The 
macro-structural evolution is dictated by the same hardening parameters, Δ𝑝X∗ and Δ𝑠X, 
defined for the IC SSM (reported in Chapter 3, Equation 3.85 and Equation 3.86), although 
now the total plastic volumetric strain is made of two contributions. Therefore the new 
expressions are: 

   (4.20) 

and: 

   (4.21) 

where Δ𝜀]st
H  is the total volumetric plastic strain. 
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Equations (4.20) and (4.21) demonstrate the coupling of the two levels of structure which, as 
anticipated at the beginning of this chapter, are not independent. Hence, the macro-structural 
hardening parameter,	𝑝X∗, changes upon yielding of the micro-structure. In particular, 
whenever the micro-structure swells, the term	∆𝜀K,]st

H  becomes negative, leading to a negative 
∆𝑝X∗ and to 𝑝X∗ consequently decreasing. This implies that the LC curve is moving towards the 
left in the 𝑝 − 𝑠&' plane and the compacted clay is softening (in terms of reducing its 
compaction density). Conversely, whenever the micro-structure compresses, the term	∆𝜀K,]st

H  
is positive, ∆𝑝X∗ is also positive, hence 𝑝X∗ is increasing. This implies that the LC curve is 
moving towards the right in the 𝑝 − 𝑠&' plane and the material is hardening (increasing its 
compaction density). This is shown in Figure 4.2, where the current stress state is fixed at 
point C, with the corresponding primary macro yield surface denoted as 𝐿𝐶D . Stress states A 
and B are reached upon compression and swelling of the micro-structure, respectively. The 
macro yield surface is hardening, 𝐿𝐶w, and softening, 𝐿𝐶x, respectively, as a consequence of 
the corresponding change in the micro-structure.  
 
Figure 4.2 also depicts that the Neutral Line always moves with the stress state. Alonso et al. 
(1999) and Sanchez et al. (2005) stated that the micro-structure was elastic, with the stress 
state located on the neutral line. However, this assumption has not been followed in this 
thesis, as the micro-structure is assumed to produce both elastic and plastic strains and is 
therefore elastoplastic. In effect, the micro-structure undergoes permanent changes and the 
void ratio,	𝑉𝐹, is introduced to keep track of its evolution. The hardening law for the 
microstructure is given as: 

   (4.22) 

 
4.2.6 Elastic behaviour 
 
Both micro- and macro-structure contribute to the elastic behaviour of the compacted clay. 
The overall elastic behaviour of the clay is defined by three elastic bulk moduli: (i) the micro-
structural elastic bulk modulus 𝐾2, expressed in Equation (4.3); (ii) the macro-structural bulk 
modulus with respect to changes in equivalent suction: 

   (4.23) 

which defines changes in elastic volumetric strain due to changes in equivalent suction; and 
(iii) the macro-structural bulk modulus with respect to changes in equivalent stress: 

   (4.24) 

which defines changes in elastic volumetric strain due to changes in mean equivalent stress. 
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The magnitude of the contribution of the two levels of structure is weighted by the void 
factor, which expresses whether the fabric of the compacted clay is predominantly influenced 
by the micro-structure or the macro-structure. In this way, the model takes into account the 
fabric when computing the overall behaviour of the clay. This represents a novelty with 
respect to most existing unsaturated models for expansive soils. In the case of changes in 
equivalent suction, the elastic volumetric strains are calculated as: 

   (4.25) 

Meanwhile, the compressibility with respect to changes in equivalent stress is expressed 
through the following global bulk modulus: 

   (4.26) 

Consequently, Young’s modulus can be evaluated as follows: 

   (4.27) 

where 𝜈 is the Poisson’s ratio. Finally, the elastic matrix can be written in terms of the 
Young’s modulus and Poisson’s ratio (Potts & Zdravkovic, 1999). 
 
 
4.3 OVERVIEW OF THE MODEL PARAMETERS  
4.3.1    Yield surface and plastic potential parameters  
 
Six parameters are required to define the shapes of the macro-structural primary yield and 
plastic potential surfaces in the 𝑝 − 𝐽 plane: 𝑀{, 𝛼{, 𝜇{, 𝑀~, 𝛼~  and 	𝜇~ . These are inherited 
from the IC SSM and, since they are employed in the same way in the IC DSM, all details 
given in Chapter 3 are still relevant. Additionally, Georgiadis (2003) summarises the values 
of these parameters for producing some of the well-known shapes of the yield surface (e.g. 
Cam clay; modified Cam Clay, Roscoe & Burland, 1968; Sinfonietta Classica, Nova, 1988). 
In the case of employing the Hvorslev surface on the dry side of critical state, four additional 
parameters need to be defined: 𝛼��, 𝛽��, 𝑛 and 𝑚. These were also discussed in Chapter 3 
and further information can be found in Tsiampousi (2011). 
 
The position of the macro-structural yield and plastic potential surfaces with respect to the 
𝑝	 = 	0 axis is determined by the value of	𝑓(𝑠&'), which is controlled by the coefficient of 
increase of apparent cohesion,	𝑘. Additionally, the size of the macro-structural yield and 
plastic potential surfaces is determined by the isotropic yield stress, 𝑝X, which is related to the 
hardening parameter 𝑝X∗. The latter is discussed in the next section. 
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As discussed in the formulation of the IC DSM, the micro-structure has neither a classically 
defined yield surface nor a plastic potential surface. Nevertheless, the definition of the 𝛽-
mechanism within generalised plasticity requires the introduction of the elastic 
compressibility parameter, 𝜅2, and the interaction functions,	𝑓K. The former is needed to 
quantify the elastic strains generated by a given change in effective stress, as shown in 
Equation (4.2) and Equation (4.3). At present, to the author’s knowledge, there does not exist 
a particular laboratory test that could provide information for the evaluation of 𝜅2. In effect, 
the physico-chemical phenomena that take place within the micro-structure, and that are 
responsible for the swelling of single grain particles (Seiphoori et al., 2014), are still partly 
unknown. A suitable method for the measurement of 𝜅2 could therefore be envisaged as 
more of a chemical issue than a mechanical one. Further experimental investigation of the 
fabric of compacted clays at the micro-scale is considered a necessity in order to refine the 
numerical tools presented in this thesis. At present, the approach adopted in this thesis for the 
determination of a suitable value of 𝜅2 is based on the compatibility of its value with the 
values of the macro-structural compressibility coefficients (𝜆, 𝜅, 𝜅N).  
 
The interaction functions,	𝑓K, determine the micro-structural contribution to total plastic 
deformations, according to Equation (4.9). Given the slightly arbitrary nature of this 
assumption, it is complicated to associate 𝑓K with a precise physical meaning and, therefore, 
with a measurement method. It can be envisaged that, upon improvement of the knowledge 
of the micro-structure, 𝑓K would be conceptually reinterpreted. In this way, a suitable 
calibration method could be identified. The interaction functions are defined through two 
triplets of coefficients	𝑐QR, 𝑐QT, 𝑐QU and 𝑐NR, 𝑐NT, 𝑐NU,  of which 𝑐QU and 𝑐NU cannot assume 
negative values. At present, the values assigned to these coefficients within the analyses 
presented in this thesis, are comparable to those that appear in the literature (Sanchez et al. 
2005, 2008).   
 
4.3.2 Hardening/Softening parameters 
 
The hardening law of the primary macro-structural yield surface, expressed in Equation 
(4.20), implies the expansion or contraction of this surface. Two model parameters appear in 
this relationship: the fully saturated post-yield compressibility parameter,	𝜆(0), and the 
elastic compressibility coefficient with respect to changes in equivalent stress, 𝜅. As 
explained for the IC SSM in Chapter 3, the former could be estimated as the slope of the 
Virgin Compression Line (VCL), interpreted in the ln 𝑝 − 𝑣 plane from a fully saturated 
isotropic loading test, where 𝑣 is the specific volume. Similarly, the latter could be quantified 
as the slope of the Unloading Reloading Line (URL), from an isotropic unloading-reloading 
test.  
 
However, the IC DSM complicates the interpretation of the elastic behaviour of the clay and 
therefore the process of estimating 𝜅 becomes more delicate. Equations (4.25) and (4.26) 
state that the overall elastic behaviour of the clay, with respect to changes in equivalent stress 
and equivalent suction, depends on two parameters simultaneously: (i) 𝜅 and	𝜅2 (which 
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appear in the bulk moduli 𝐾�8 and 𝐾2, respectively) in the case of changes in equivalent net 
stress; (ii)	𝜅N and	𝜅2 (which appear in the bulk moduli 𝐾N8 and 𝐾2, respectively) in the case 
of changes in equivalent suction. Consequently, 𝜅 is no longer strictly identifiable with the 
URL slope and, more importantly, its estimation cannot be dissociated from that of 𝜅2. The 
same reasoning applies to 	𝜅N, which can be evaluated from the wetting tests at constant load, 
but a preliminary knowledge of 𝜅2 is necessary for its accurate estimation. Consequently, the 
experimental investigation of the micro-structure appears, once again, fundamental for 
calibrating these parameters of the IC DSM. 
 
The hardening parameter	𝑝X∗ is related to the unsaturated value of yield stress,	𝑝X, through 
Equation (3.68) for IC SSM-Model 1-option 1 (defined in Section 3.3.2.1) and Equation 
(3.76) for IC SSM-Model 1-option 2 (also defined in Section 3.3.2.1). IC SSM-Model 2 is 
not part of the IC DSM formulation, in order to avoid further complication in determining the 
relevant model parameters. The model parameters 𝑟, 𝛽 and 𝑝Q (or 𝛼Q) need to be determined 
as discussed in Chapter 3.  
 
The hardening law of the secondary macrostructural yield surface, expressed in Equation 
(4.21), requires two parameters: the elastic compressibility coefficient due to changes in 
equivalent suction,	𝜅N, and the compressibility coefficient due to changes in equivalent 
suction,	𝜆N. As stated in Chapter 3, these can be determined from a single drying test at 
constant confining stress (Georgiadis, 2003), with the additional complication that a 
preliminary knowledge of 	𝜅2 is necessary for an accurate estimation of 	𝜅N, as already 
discussed. 
 
The microstructural hardening law, expressed in Equation (4.22), depends on the 
microstructural bulk modulus, 𝐾2, and, therefore, on the microstructural compressibility 
coefficient, 𝜅2. 
 
4.3.3 Initialisation of hardening parameters 
 
In the IC SSM it was necessary to initialise the following parameters: 	𝑝X∗, which indicated the 
position of the macro-structural primary yield surface at the beginning of the analysis; 𝑠X, 
which controlled the initial position of the SI yield surface; and the initial specific volume at 
unit pressure,	𝑣R, which controlled the position of the fully saturated isotropic compression 
line. In the IC DSM these three parameters still need to be initialised and the process for this 
is fully explained in Tsiampousi (2011). Conceptually, though, it is important to point out 
that	𝑝X∗, 𝑠X and	𝑣R are now macrostructural parameters. 
 
At the level of the micro-structure, the IC DSM has introduced the void factor, 𝑉𝐹, as the 
hardening parameter and this too needs to be initialised. The initial value of the void factor 
sets the characteristics of the fabric of the compacted clay prior to the start of the numerical 
analysis. Combining the value of 𝑉𝐹 with that of the total void ratio, which is an input to the 
initial conditions (together with stresses and degree of saturation), ICFEP computes the initial 
values of the macro- and micro-structural void ratios, as per Equation (4.4) and Equation 
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(4.5). Consequently, the void factor impacts both the macro- and micro-structural behaviour, 
as it weights directly the elastic behaviour contributions, as shown in Equation (4.25) and 
Equation (4.26), and it appears in the macro-structural hardening laws, as shown in Equation 
(4.20) and Equation (4.21), where it indirectly determines the value of 𝑒8, as well as in the 
microstructural one, as shown in Equation (4.22). 
 
In order to determine a suitable initial value for the void factor, it is envisaged that 
experiments such as Mercury Intrusion Porosimetry (MIP) may be suitable for such 
evaluation. MIP tests are interpreted as a distribution function of the diameter of the pores 
(Romero & Simms, 2008, Monroy et al., 2010) and could, therefore, define a separation 
between micro- and macro-pores. From such experimental evidence the ratio of micro-pores 
over total pores, i.e. the void factor 𝑉𝐹, could be evaluated. Nevertheless, MIP-based 
investigations are still not so common and further integration of experimental and numerical 
tools is needed to define a reliable relationship between the void factor and the pore size 
distribution function. 
 
4.3.4 Summary 
 
The parameters required by the IC DSM are listed in Table 4.1. 
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Table 4.1: Summary of model parameters for the IC DSM. 

Parameter Source 

Parameters controlling the shape of the yield 
surface, 𝜶𝑭, 𝝁𝑭 

Triaxial compression; relationship between 
dilatancy and 𝐽/𝑝 ratio 

Parameters controlling the shape of the plastic 
potential surface, 𝜶𝑮, 𝝁𝑮 Triaxial compression 

Strength parameters, 𝑴𝒇,	𝑴𝒈 Triaxial compression, related to the angle of 
shear resistance 𝜙QNA  

Characteristic pressure, 𝒑𝒄 (kPa)  Limiting confining stress at which 𝑝X = 𝑝X∗ = 𝑝Q 

Characteristic stress ratio, 𝜶𝒄 Isotropic loading tests 

Maximum collapse parameter, 𝒃  Isotropic loading tests 

Fully saturated compressibility coefficient, 
𝝀(𝟎) 

Fully saturated isotropic loading 

Elastic compressibility coefficient, 𝜿 Fully saturated isotropic unloading 

Specific volume at unit pressure for fully 
saturated conditions, 𝒗𝟏 Fully saturated isotropic loading and unloading 

Maximum soil stiffness parameter, 𝒓 
Isotropic compression tests at constant value of 

suction  

Soil stiffness increase parameter, 𝜷 (1/kPa) 
Isotropic compression tests at constant value of 

suction 
Elastic compressibility coefficient for changes 

in suction, 𝜿𝒔 (kPa) Drying test and constant confining stress 

Poisson ratio, 𝝂 or G or 𝑮 𝒑𝟎⁄  Triaxial compression test  

Plastic compressibility coefficient for changes 
in suction, 𝝀𝒔 

Drying test and constant confining stress 

Air-entry value of suction, 𝒔𝒂𝒊𝒓 (kPa) From the retention curve 

Yield value of equivalent suction, 𝒔𝟎 (kPa) Usually a high value if it is not to be mobilised 

Cohesion increase parameter, k 
Constant or 𝑺𝒓 

Unsaturated drained triaxial compression test 

Atmospheric pressure, 𝒑𝒂𝒕𝒎 (kPa) Known Constant 

Minimum bulk modulus, 𝑲𝒎𝒊𝒏 (kPa) Parameter of numerical nature 

Yield surface switch on dry side, 𝒀𝑺𝑺 0 or 1 

Hvorslev surface parameter, 𝜶𝑯𝑽 Triaxial compression 

Hvorslev surface parameter, 𝜷𝑯𝑽 Triaxial compression 

Hvorslev surface fitting parameter, n Triaxial compression 

Hvorslev surface fitting parameter, m Triaxial compression 

Microstructural compressibility parameter, 𝜿𝒎 Improved knowledge of microstructure 
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Void factor, 𝑽𝑭 MIP investigation 

Coefficients for the micro swelling function, 
𝒄𝒔𝟏, 𝒄𝒔𝟐, 𝒄𝒔𝟑 Improved knowledge of microstructure 

Coefficients for the micro compression 
function, 𝒄𝒄𝟏, 𝒄𝒄𝟐, 𝒄𝒄𝟑 

Improved knowledge of microstructure 

 
 
4.4 SUMMARY AND CONCLUSIONS  
 
The formulation of a new double-structure mechanical model for compacted expansive clays, 
termed the Imperial College Double Structure Model, IC DSM, has been described in this 
chapter. Its main features are the following: 
 

• The IC DSM has been developed on the basis of the IC SSM (a single-structure 
model) and implemented in the bespoke finite element software ICFEP. The main 
improvement is the inclusion of the double-porosity structure in the model 
formulation, which is typical of compacted clays. Amongst the existing double-
porosity models, the Barcelona Expansive Model (BExM) provided some of the 
assumptions in this development. The IC DSM, however, has distinct differences 
from the BExM. Among the most relevant differences there is the introduction of the 
void factor and several modifications to the formulation of the microstructural plastic 
mechanism. 

• Two separate levels of structure are envisaged in the IC DSM, comprising the macro- 
and the micro-structure. The overall constitutive behaviour of a compacted clay is a 
combination of contributions from these two levels of structure, which are both 
assumed to be elasto-plastic. Hydraulic equilibrium between the macro- and the 
micro-structure is assumed, i.e. a unique suction is employed in the model. 

• The IC DSM is formulated in the 𝐽 − 𝑝 − 𝜃 − 𝑠&' stress space. Only the macro-
structure can saturate or de-saturate, while the micro-structure is assumed to be 
saturated at all times and is therefore defined in terms of effective stress.  

• The macro-structural behaviour is described by the original single-structure (IC SSM) 
framework, therefore the primary yield surface, 𝐹GD  or 𝐹GDT, and secondary yield 
surface, 𝐹«e, can be defined as discussed in Chapter 3.   

• The micro-structure is characterised by three microstructural parameters in the IC 
DSM: the elastic compressibility parameter of the microstructure, 𝜅2, the interaction 
functions, 𝑓K, and the void factor, 𝑉𝐹. The latter expresses whether the fabric of the 
material is predominantly influenced by the micro-structure or by the macro-structure. 
The fabric evolves upon loading and 𝑉𝐹 therefore functions as a micro-structural 
hardening parameter within the formulation. 

• A change in effective stress triggers elastic volumetric strains, {∆𝜀2& }, in the micro-

structure and also plastic volumetric strains, J∆𝜀K
HL, in the macro-structure, as a 

consequence of the micro-structural elastic strains. Therefore, the total plastic strain 
prescribed by the IC DSM is the sum of a macro-structural term, F∆𝜀GD

H I, which is 
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derived from the IC SSM framework, and a micro-structural term,	J∆𝜀K
HL. An 

additional plastic term, F∆𝜀N
HI, is present if the secondary yield surface, SI, is active. 

• The formulation of micro-structural plasticity is carried out using generalised 
plasticity theory. This allows definition of the plastic mechanism without introducing 
a corresponding yield surface, which would be complicated to identify given the 
scarcity of information on the micro-structure. Three elements are defined instead: a 
direction of loading, a flow rule and a plastic modulus. 

• Upon first full saturation, which corresponds to the matric suction, 𝑠, becoming 
smaller than the air-entry value, 𝑠)*+, the void factor is set to zero and the micro-
structure ceases to exist permanently. This modelling choice interprets the recent 
experimental findings on high-density compacted clays. 

• The IC DSM requires only three additional model parameters compared to IC SSM 
and these are related to the characterisation of the micro-structure. A testing 
programme from which the macro-structural parameters can be obtained was 
discussed, while recognising that the microstructural parameters are more difficult to 
estimate.  
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CHAPTER 5:  IMPLEMENTATION AND VALIDATION  
 
 
5.1 INTRODUCTION 
This chapter presents the implementation of the IC DSM, introduced in Chapter 4, into the 
Imperial College Finite Element Program (ICFEP). The implementation and model 
performance are subsequently validated with simulations of a series of oedometer tests under 
a range of stress paths. 
 
 
5.2 IMPLEMENTATION 
The implementation of the IC DSM into ICFEP (Potts & Zdravkovic, 1999, 2001) follows the 
same conceptual steps as the implementation of the IC SSM, which has been recalled in Section 
3.3 after Georgiadis (2003) and Tsiampousi (2011). However, the introduction of the double-
porosity structure in the formulation, as described in Chapter 4, brings new challenges in the 
implementation of the constitutive equations. The introduction of the micro-structure 
introduces additional components to both elastic and plastic strains. While the integration of 
the micro-structural contribution into the elastic stiffness matrix, [𝐷], was presented in Chapter 
4, the micro-structural contribution to the elastoplastic stiffness matrix,	%𝐷&'(, and the matrix 
[𝑊] is discussed in the current chapter. 
 
For clarity, the macrostructural plastic mechanism is associated with the primary yield surface 
of the IC SSM and is termed the “LC mechanism” throughout this chapter, as opposed to the 
micro-structural plastic mechanism which was defined as the “𝛽 mechanism” in Chapter 4.  
 
5.2.1 Calculation of the elastoplastic constitutive matrix 
 
When calculating the elastoplastic stiffness matrix, [𝐷&'], there are three possible cases in 
terms of the interaction between the macro- and micro-mechanisms characterising the 
behaviour of compacted clays:  
 

• only the LC mechanism is active; 
 

• only the 𝛽 mechanism is active; 
 

• both mechanisms are active. 
 
The LC mechanism being active in the model represents the macro-structural IC SSM 
formulation reported in Chapter 3. Consequently, the current chapter discusses only the 
remaining above two cases. 
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5.2.1.1 Only 𝛽 (micro) mechanism is active 
 
The total incremental stresses {∆𝜎} can be written as: 

   Equation Chapter 5 Section 5(5.1) 

Recalling from Chapter 3 that {∆𝜀0&} and 1∆𝜀0
'2 are the elastic and plastic incremental strains 

due to changes in equivalent suction, Δ𝑠&5, Equation (5.1) can be rewritten as follows: 

   (5.2) 

Since the plasticity in this case is generated at the micro-structural level only, the total plastic 
strains,	{Δ𝜀'}, can be expressed through the plastic potential function of the 𝛽 mechanism,	𝐺7, 
defined in Equation (4.12), and the plastic multiplier	Λ7: 

   (5.3) 

Therefore, replacing Equation (5.3) into Equation (5.2): 

   (5.4) 

or, equally: 

   (5.5) 

Equation (5.5) is formally and conceptually equivalent to Equation (3.8) from the IC SSM 
(macro) implementation, except that now the unknown is	Λ7, instead of	Λ. In the case of 
Equation (3.8), the plastic multiplier Λ was obtained by utilising the consistency condition of 
the yield surface for unsaturated soils (Georgiadis, 2003), as expressed in Equation (3.10). 
Nevertheless, such a condition cannot be used to determine	Λ7 from Equation (5.5), as 
microstructural plasticity, formulated in terms of the generalised plasticity theory (see Chapter 
4), lacks a definition of the yield surface.  
 
An alternative condition must be used to obtain 	Λ7 from Equation (5.5). For this purpose, the 
incremental stress,	{Δ𝜎}, can be expressed from Equation (4.15), which resulted from the 
generalised plasticity theory (Pastor et al., 1990): 

   (5.6) 
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Replacing Equation (5.6) into Equation (5.5), the following is obtained: 

   (5.7) 

Equation (5.7) can now be re-arranged: 

  (5.8) 

and expressed in terms of Λ7: 

   (5.9) 

Equation (5.9) resembles Equation (3.11), in that	𝐹7, 𝐺7 and 𝐴7 have replaced	𝐹, 𝐺 and 𝐴. 
Substituting Equation (5.9) into the stress increment expressed by Equation (5.5), it is possible 
to formulate an equation that has the same form as Equation (3.13), where the expressions of 
the elastoplastic matrix, %𝐷&'(, and of the matrix [𝑊] are now suitable for the IC DSM 
formulation: 

   (5.10) 

and: 

   (5.11) 
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5.2.1.2 LC (macro) and 𝛽 (micro) mechanisms are active simultaneously 
 
The total incremental stresses, {∆𝜎}, can be written as: 

   (5.12) 

where the total plastic strains,	{Δ𝜀'}, are represented as the sum of their macro-structural and 
micro-structural contributions, 1∆𝜀;<

' 2 and =∆𝜀7
'>, respectively. Expressing incremental plastic 

strains through the appropriate plastic potential functions and plastic strain multipliers, 
Equation (5.12) becomes: 

   (5.13) 

Two unknowns appear in Equation (5.13): Λ;< , the plastic multiplier corresponding to macro-
structural plasticity, and Λ7, the plastic multiplier for micro-structural plasticity. In order to 
calculate these two scalars, two conditions must be met: 
 

1. the macrostructural condition  
The macro-structural plasticity is governed by the yield surface for unsaturated soils, 
as presented in Chapter 3, and must therefore satisfy the consistency condition: 

   (5.14) 

Replacing the incremental stress, {∆𝜎}, from Equation (5.13) and considering the state 
parameters, k, of the framework (the isotropic yield stress, 𝑝@∗), Equation (5.14) 
becomes: 

   (5.15) 

Replacing 𝛥𝑝@∗ with the expression of the hardening law in Equation (4.20), Equation 
(5.15) becomes: 

{ } [ ] { } { } { } { } { }( )Δ Δ e p p p
s s LCD bs e e e e e= × D - - D - D - D

{ } [ ] { } { } { }Δ Δ  Λe p LC
s s LC

GGD b
bs e e e

s s
æ ¶ öì ü¶ì ü= × D - - D -L × - ×ç ÷í ý í ý¶ ¶î þ î þè ø

{ } { } { } { } 0
T TT T

LC LC LC LC
LC eq S

eq S

F F F FdF k s F
k s F

s
s

ì ü ì ü¶ ¶ ¶ ¶ï ïì ü ì ü= D + D + D + D =í ý í ý í ý í ý¶ ¶ ¶ ¶î þ î þ ï ï î þî þ

[ ] { } { } { }

{ } { }*
0*

0

Δ Δ Δ  Λ

0

T
e pLC LC

LC s s LC

T T

LC LC LC
eq S

eq S

GF GdF D

F F Fp s F
p s F

b
be e e

s s s
æ ¶ öì ü¶ ¶ì ü ì ü= × - - -L × - ×ç ÷í ý í ý í ý¶ ¶ ¶î þ î þ î þè ø

ì ü ì ü¶ ¶ ¶ï ï+ D + D + D =í ý í ý¶ ¶ ¶ï ï î þî þ



149 
 

   (5.16) 

where the volumetric plastic strains that appear in the hardening law are expressed 
through the plastic multipliers Λ;<  and Λ7 and the respective plastic potential 
gradients. Rearranging the terms in Equation (5.16), the following is obtained: 

   (5.17) 

Equation (5.17) contains two plastic multipliers which are unknown and therefore, for 
their solution, requires an additional equation expressed in terms of both multipliers. 
This equation is provided by imposing a micro-structural condition as shown below. 
 

2. the microstructural condition 
The incremental stress,	{Δ𝜎}, expressed in Equation (5.6), is substituted into Equation 
(5.13), thus yielding: 

   (5.18) 

Rearranging the terms in Equation (5.18) leads to: 

   (5.19) 
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Equation (5.17) and Equation (5.19) now form a system of two equations with two unknowns, 
which can be easily solved for. In particular, adopting the notation suggested in Potts & 
Zdravkovic (1999), the system of the two equations can be written as follows: 

   (5.20) 

with all terms defined as follows: 
                             

  (5.21) 

The term 𝐴;<  in Equation (5.21) is defined according to Georgiadis (2003), as: 

   (5.22) 

The solution of the system of equations (5.20) can be written in the form given in Potts & 
Zdravkovic (1999): 

   (5.23) 

Hence, replacing the terms comprised in the set of equations (5.21) into Equation (5.23), the 
expressions for the plastic strain multipliers are obtained: 
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where:  

   (5.25) 

   (5.26) 

   (5.27) 

   (5.28) 

   (5.29) 

   (5.30) 

   (5.31) 

Finally, replacing the plastic multipliers obtained from Equation (5.24) into Equation (5.13), 
an expression very similar to Equation (3.13) is achieved. This calculation of the new matrices 
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%𝐷&'( and [𝑊] for the IC DSM formulation is straightforward, albeit long, and it is presented 
in Appendix I.  
 
It is worth highlighting that, in the absence of macro-structural plasticity, i.e. when	1Δ𝜀;<

' 2 =
0	 ⟹		Λ;< = 0, the following terms are equal to zero: 𝐿GH = 𝐿HG = 𝑇G = 0. Therefore, Λ7 is 
simply obtained from	Λ7𝐿HH = 𝑇H. 
 
5.2.2 Changes to the global mechanical equation 
 
Calculation of the global stiffness matrix 
In nonlinear finite element analysis, at the beginning of each increment a first estimate of the 
incremental nodal displacements,	{∆𝑑}KLM , corresponding to an incremental load 
vector,	{∆𝑅L}M, is determined from the incremental stiffness matrix	[𝐾L]M (Equation 3.26). As 
discussed in Chapter 3, a [𝐾L]M matrix is obtained by assembling the element stiffness matrices, 
calculated from the elastic or elastoplastic constitutive matrix, [𝐷] or	%𝐷&'(, corresponding to 
the stress state at the beginning of the increment 𝑖. ICFEP enables the user the choice to either 
employ [𝐷] or [𝐷&'] to calculate [𝐾L]M  in the solution process. Furthermore, the modified 
Newton-Raphson method, employed as a non-linear solver in ICFEP (as discussed in Chapter 
3), usually uses the stiffness matrix [𝐾L]M  calculated at the beginning of each increment for all 
the solution iterations over that increment. This was the option used for all analyses presented 
in this thesis. However it is possible to update the stiffness matrix on all or selected iterations. 
 
Calculation of the residual load vector 
As discussed in Chapter 3, the residual load vector, {𝜓}R, for each iteration 𝑗, is calculated by 
integrating the constitutive relationship over the current estimate of incremental displacements 
to give a “true” estimate of the stress changes. This is then compared to the stress changes 
consistent with the inversion of the stiffness matrix [𝐾L]M  to obtain the out-of-balance stress 
changes. These in turn are integrated over the finite elements to give the residual load 
vector,	{𝜓}R. In order to estimate the “true” stress changes, Equation (3.44) must be solved. 
Therefore, the following terms have to be calculated for the IC DSM implementation: 
 

a) Macrostructural yield function derivatives: {𝜕𝐹;< 𝜕𝜎⁄ }, or additionally {𝜕𝐹;<H 𝜕𝜎⁄ } if 
there is a Hvorslev surface dry of critical; 
 

b) Macro-structural yield function derivatives with respect to the factor of safety: 
{𝜕𝐹;< 𝜕𝐹V⁄ }, or additionally 	{𝜕𝐹;<H 𝜕𝐹V⁄ } if there is a Hvorslev surface dry of critical; 

 
c) Microstructural yield function derivatives: 1𝜕𝐹7 𝜕𝜎⁄ 2 

 
d) Macrostructural plastic potential derivatives: {𝜕𝐺;< 𝜕𝜎⁄ }, or additionally {𝜕𝐺;<H 𝜕𝜎⁄ } 

if there is a Hvorslev surface dry of critical; 
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e) Microstructural plastic potential derivatives, 1𝜕𝐺7 𝜕𝜎⁄ 2;    
 

f) Parameter 𝐴;<; 
 

g) Parameter 𝐴7; 
 

h) Macrostructural elastic strains due to changes in suction: {Δ𝜀0&}; 
 

i) Macrostructural plastic strains due to changes in suction: 1∆𝜀0
'2; 

 
j) Macrostructural yield function derivatives with respect to equivalent suction: 

1𝜕𝐹;< 𝜕𝑠&5⁄ 2, or additionally 1𝜕𝐹;<H 𝜕𝑠&5⁄ 2 if there is a Hvorslev surface dry of critical; 
 

k) Microstructural yield function derivatives with respect to equivalent suction, 
1𝜕𝐹7 𝜕𝑠&5⁄ 2; 
 

l) Stress state at image point. 
 
In the following all of the above derivations are presented. 
 

a) Calculation of macro-structural yield function derivatives, {𝜕𝐹;< 𝜕𝜎⁄ } and {𝜕𝐹;<H 𝜕𝜎⁄ } 

   (5.32) 

The derivatives of the stress invariants in Equation (5.32) form vectors that are 
independent of the constitutive model: 

   (5.33) 

   (5.34) 

   (5.35) 

The additional terms in Equation (5.32) and in Equation (5.35) are computed as follows: 
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   (5.36) 

   (5.37) 

   (5.38) 

   (5.39) 

   (5.40) 
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   (5.43) 

   (5.44) 

   (5.45) 

   (5.46) 

   (5.47) 

   (5.48) 

( )( )( ) ( ) ( ) ( )2 2 2det

2
x y z x yz y xz z xy

xz yz xy

s p p p p p ps s s s t s t s t

t t t

= - - - - - - - - -

+

( )( ) ( )( ) 2 2 2det 1 2
3 y z x z y x yz xz xy

x

s p ps s s s s s t t t
s

¶ é ù= - - + - - - + +ë û¶

( )( ) ( )( ) 2 2 2det 1 2
3 x z y z x y xz yz xy

y

s p ps s s s s s t t t
s

¶ é ù= - - + - - - + +ë û¶

( )( ) ( )( ) 2 2 2det 1 2
3 x y z y x z xy xz yz

z

s p ps s s s s s t t t
s

¶ é ù= - - + - - - + +ë û¶

( )det 2 2z xy xz yz
xy

s ps t t t
t

¶
= - - +

¶

( )det 2 2y xz xy yz
xz

s ps t t t
t

¶
= - - +

¶

( )det 2 2x yz xy xz
yz

s ps t t t
t

¶
= - - +

¶

( )
2

0 2

1LC LC

eq

JF F
p pp f s J

h

h

h
h

¶¶ ¶ ¶
= + × ×

¶ ¶ ¶+ ¶

2

1

2

2 1
1

1
1 1 1

1 1
1

f

f

K

LC
K

f

KF

K K
K

b

b

h

h hh b
h

æ ö æ ö+ç ÷ ç ÷¶ è ø ç ÷= - -
¶ ç ÷+ +æ ö ç ÷+ è øç ÷

è ø

2 2

1

fJ Jh h

h¶
=

¶

( )( )
2

2

eq

J J
p p f s

h¶
= -

¶ +

( )
2 1

eq

J
J p f s

h¶
=

¶ +

( )
2

2
2 2f f

J

J J

h

h h

h¶
= -

¶



155 
 

   (5.49) 

where 𝑓X𝑠&5Y represents the increase of cohesion with suction; 𝐾G, 𝐾H and 𝛽Z are 
constants calculated through parameters 𝛼Z and	𝜇Z, as shown in Equation (3.53) and 
Equation (3.54); finally, 𝐶Z is a function of the strength parameter 𝑀Z, as shown in 
Equation (3.58). 

 
Additional macrostructural yield function derivatives, in the case of the Hvorslev 
surface dry of critical, {𝜕𝐹;<H 𝜕𝜎⁄ }:   

   (5.50) 

The vectors of derivatives of the stress invariants that appear in Equation (5.50) are 
independent of the constitutive model adopted and are given by Equations (5.33) to 
(5.42). The remaining terms are expressed hereafter: 
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   (5.56) 

   (5.57) 

The terms 𝜕_𝐽Hab 𝜕𝜃⁄  and 𝜕_𝐽HaZ 𝜕𝜃⁄  are calculated from Equation (3.57). While the 
complete derivation process can be found in Tsiampousi (2011), the final expression of 
𝜕_𝐽HaZ 𝜕𝜃⁄  is given by Equation (5.49), and that of 𝜕_𝐽Hab 𝜕𝜃⁄  by Equation (5.58). 

   (5.58) 

 
b) Macrostructural yield function derivatives with respect to the factor of safety, 

{𝜕𝐹;< 𝜕𝐹V⁄ }, {𝜕𝐹;<H 𝜕𝐹V⁄ } 
 
If the factor of safety, 𝐹0, calculation is engaged in the model, then the consistency 
condition in Equation (5.14) has a non-zero term related to the factor of safety. 
Therefore, the calculation of the derivative of the macro-yield function with respect to 
the factor of safety is: 

   (5.59) 

where 𝜕𝐹;< 𝜕𝜂⁄  is given by Equation (5.44), 𝜕𝜂 𝜕_𝐽2𝜂𝑓g  by Equation (5.48), 𝐶Z by 
Equation (3.58), 𝑀M is expressed in Equation (3.59) if 𝑖 = 𝑔 while it can be obtained as 
the gradient of the critical state line if 𝑖 = 𝑓. As the inclination 𝑀b is obviously 
dependent on the factor of safety, it is assumed that the ratio between the inclinations 
𝑀Z and 𝑀b remains constant during an analysis (Potts & Zdravkovic, 2011). The 
remaining terms in Equation (5.59) are: 
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   (5.60) 

which is obtained from the cubic Equation (3.57), as shown in Tsiampousi (2011), and: 

   (5.61) 

   (5.62) 

Finally, using the chain rule the term 𝜕𝑀b 𝜕𝐹V⁄  can be written as follows: 

   (5.63) 

hence: 

   (5.64) 

In the case where the Hvorslev surface is applied on the dry side of critical state, the 
derivatives of the yield function with respect to the factor of safety become: 

   (5.65) 

where: 

   (5.66) 
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with 𝜕𝐹;<H 𝜕_𝐽Hab⁄ , 𝜕𝐹;<H 𝜕𝑝i0⁄  and	𝜕𝑝i0 𝜕_𝐽Hab⁄  given by Equation (5.54) to (5.56)
respectively. The term 𝜕_𝐽HaZ 𝜕𝐶Zg  is given by Equation (5.60). Similarly, the term 
𝜕_𝐽Hab 𝜕𝐶bg  is written as follows (Tsiampousi, 2011):  

   (5.67) 

Furthermore: 

   (5.68) 

and finally 𝜕𝑀b 𝜕𝐹V⁄  is given by Equation (5.64) and 𝜕𝑀Z 𝜕𝑀b⁄  is written in Equation 
(5.62). 
 
 
 

c) Calculation of microstructural yield function derivatives, 1𝜕𝐹7 𝜕𝜎⁄ 2 
 

   (5.69) 

where 𝑝 + 𝑠&5 = 𝑝ik is the current mean effective stress. 
 

d) Calculation of plastic potential derivatives, {𝜕𝐺;< 𝜕𝜎⁄ } 
 

   (5.70) 

where: 

   (5.71) 

𝜕𝐺;< 𝜕𝜂⁄  is given by Equation (5.44) with 𝐽HaZ replaced by 𝐽Hab, and calculating	𝐾G, 
𝐾H, and 𝛽Z through model parameters 𝛼b ,	𝜇b and 𝑀b instead of 𝛼Z ,	𝜇Z and 𝑀Z; 
𝜕𝜂 𝜕_𝐽2𝜂g  and 𝜕_𝐽2𝜂 𝜕𝑝⁄  are expressed in Equation (5.45) and Equation (5.46), 
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respectively; {𝜕𝑝 𝜕𝜎⁄ } is given by Equation (5.33) and {𝜕𝜃 𝜕𝜎⁄ } is given by Equation 
(5.35). All other terms in Equation (5.70) can be expressed using Equations (5.44) to 
(5.49), but replacing 𝐽HaZ with 𝐽Hab, and calculating	𝐾G, 𝐾H and 𝛽Z through model 
parameters 𝛼b ,	𝜇b and 𝑀b instead of 𝛼Z ,	𝜇Z and 𝑀Z. 
 
In the case where the Hvorslev surface is applied on the dry side of critical state, the 
derivatives of the plastic potential, {𝜕𝐺;<H 𝜕𝜎⁄ }, are: 

   (5.72) 

The vectors of derivatives of the stress invariants that appear in Equation (5.72) are 
given by Equations (5.33) to (5.42). The remaining terms are expressed hereafter: 

   (5.73) 

   (5.74) 

   (5.75) 

where the derivatives 𝜕𝑝i0 𝜕_𝐽Hab⁄ , 𝜕𝑝i0 𝜕_𝐽HaZ⁄ , 𝜕_𝐽Hab 𝜕𝜃⁄  and 𝜕_𝐽HaZ 𝜕𝜃⁄  are 
given by Equations (5.56), (5.57), (5.58) and (5.49), respectively. The remaining terms 
of Equation (5.75) are: 

   (5.76) 

   (5.77) 
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e) Microstructural plastic potential derivatives, 1𝜕𝐺7 𝜕𝜎⁄ 2    
 
The expression of the microstructural plastic potential derivatives is given by Equation 
(4.12). 

 
f) Calculation of parameter 𝐴;<  

 
As reported above, 𝐴;<  can be expressed as follows: 

   (5.78) 

where:  

   (5.79) 

and: 

   (5.80) 

Finally, the derivative of the isotropic yield stress,	𝑝@, with respect to the 
macrostructural hardening parameter, 𝑝@∗, which appears in Equation (5.79), depends 
on the hypothesis adopted for the shape of the unsaturated Isotropic Compression Line 
(ICL). The possible choices were presented in Chapter 3, however only IC SSM-Model 
1-Option 1 and IC SSM-Model 1-Option 2 were included in the double-structure 
formulation. The inclusion of IC SSM-Model 2 would not present additional difficulties 
however, as anticipated in Chapter 4, this has not been carried out due to the lack of 
experimental evidence to subsequently calibrate the model. Thus, 𝜕𝑝@ 𝜕𝑝@∗⁄  takes 
different forms, depending on the adopted definition of the ICL in the IC DSM. 
 
IC DSM-option 1: 

   (5.81) 

IC DSM-option 2: 

   (5.82) 

The term 𝜕𝐺;< 𝜕𝑝⁄  is expressed in Equation (5.71). Consequently, parameter 𝐴;<  is 
expressed by the following equations: 
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IC DSM-option 1: 

   (5.83) 

 
IC DSM-option 2: 

   (5.84) 

In the case of the Hvorslev surface dry of critical, Equation (5.78) is replaced by the 
following expression:  

   (5.85) 

where 𝜕𝐺𝐿𝐶2 𝜕𝑝⁄  is given by Equation (5.73), while 𝜕𝐹𝐿𝐶2 𝜕𝑝0
∗⁄  is expressed as follows: 

   (5.86) 

In the above the derivative 𝜕𝐹𝐿𝐶2 𝜕𝑝𝑐𝑠⁄  is given by Equation (5.55), 𝜕𝑝0 𝜕𝑝0
∗⁄  by 

Equation (5.81), in the case of IC DSM-option 1, and by Equation (5.82), in the case of 
IC DSM-option 2, and 𝜕𝑝𝑐𝑠 𝜕𝑝0⁄  is written as follows: 
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   (5.87) 

Consequently, parameter 𝐴;<  is expressed by the following equations: 
 
IC DSM-option 1: 

   (5.88) 
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 (5.89) 

 
g) Calculation of parameter 𝐴7 

 

   (5.90) 

 
h) Calculation of the elastic strains due to changes in suction, {Δ𝜀0&} 

 

   (5.91) 

 
i) Calculation of plastic strains due to changes in suction, 1Δ𝜀0

'2 
 

   (5.92) 

Should the Suction Increase (SI) surface be inactive, this contribution would be zero. 
 

j) Calculation of macrostructural yield function derivatives with respect to equivalent 
suction, 1𝜕𝐹;< 𝜕𝑠&5⁄ 2 

 

   (5.93) 
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with: 

   (5.94) 

where 𝜕 m𝑝 + 𝑓X𝑠&5Yn 𝜕𝑠&5g  is equal to 1, 𝜕𝐹;< 𝜕𝜂⁄  is given by Equation (5.44), 

𝜕𝜂 𝜕𝑓X𝑠&5Y⁄  is expressed as follows: 

   (5.95) 

Depending on the adopted variation of apparent cohesion with equivalent suction, the 
term 𝜕𝑓X𝑠&5Y 𝜕𝑠&5g  assumes the following expressions: 
 
- for a linear increase (i.e. constant gradient, 𝑘): 

   (5.96) 

- for a non-linear increase (as a function of the degree of saturation, 𝑆q): 

   (5.97) 

Finally, the derivative of the isotropic yield stress with respect to equivalent suction, 
i.e.	𝜕𝑝@ 𝜕𝑠&5⁄ , is given by: 
 
IC DSM-option 1: 

   (5.98) 

IC DSM-option 2: 

   (5.99) 

In the case where the Hvorslev surface is applied on the dry side of critical state, the 
yield function derivatives with respect to equivalent suction, 1𝜕𝐹;<H 𝜕𝑠&5⁄ 2, become: 
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   (5.100) 

with: 

   (5.101) 

where: 

   (5.102) 

and: 

   (5.103) 

Furthermore, the derivative 𝜕𝑝i0 𝜕𝑝@⁄  is given by Equation (5.87), 𝜕𝐹;<H 𝜕𝑝i0⁄  by 
Equation (5.55), 𝜕𝑝@ 𝜕𝑠&5⁄  by Equation (5.98) in the case of IC DSM-option 1, and by 
Equation (5.99), in the case of IC DSM- option 2. Finally, 𝜕𝑓X𝑠&5Y 𝜕𝑠&5g  is expressed 
through Equation (5.96), if apparent cohesion increases linearly with equivalent 
suction, or Equation (5.97), if apparent cohesion increases non-linearly. 

 
k) Calculation of microstructural yield function derivatives with respect to equivalent 

suction, 1𝜕𝐹7 𝜕𝑠&5⁄ 2 
 

   (5.104) 

 
l) Stress state at image point  

 
As discussed in Chapter 4, the flow rule associated with the yielding of the micro-
structure is derived using the image point method. It is therefore necessary to fully 
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define the stress state at the image point in order to compute the plastic potential 
derivatives needed to quantify the plastic strains through Equation (5.3). 
 
Firstly, the set of coordinates of the image point,	(𝑝s, 𝐽s), must be calculated. As shown 
in Figure 4.4, the image point lies on the intersection between the primary yield surface 
and the projection line drawn with a slope equal to the stress ratio, 𝜂< , corresponding 
to the current stress point. The latter is identified through the set of coordinates	(𝑝<, 𝐽<). 
Thus, (𝑝s, 𝐽s) can be identified by solving the system formed by the equation of the 
yield surface and of the projection line. This calculation is shown hereafter for the case 
in which the image point lies on the macro-yield surface expressed by Equation (3.52), 
either on the wet or dry side of critical state, and for the case in which image point lies 
on the Hvorslev surface expressed by Equation (3.60), on the dry side of critical state. 
 
• Case I: image point lies on the macro-yield surface, either wet or dry of critical 

 
Substituting Equation (3.55) and Equation (3.56) into Equation (3.52) and imposing 
𝑝 = 𝑝s and	𝐽 = 𝐽s,  (𝑝s, 𝐽s) stress state can be found by solving the following system of 
equations: 

   (5.105) 

Substituting the projection line equation into the yield surface equation, the following 
expression is obtained: 

   (5.106) 

which can be expressed in terms of 𝑝s, as shown in Equation (5.107). 
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   (5.107) 

Substituting	𝑝s, as expressed in Equation (5.107) into the second equation of the system 
of equations (5.105), it becomes possible to calculate 𝐽s: 

   (5.108) 

 
• Case II: image point lies on the Hvorslev yield surface, dry of critical 

 
Imposing 𝑝 = 𝑝s and	𝐽 = 𝐽s, the (𝑝s, 𝐽s) stress state can be found by solving the 
following system of equations: 

   (5.109) 

Substituting the projection line equation into the yield surface equation, the following 
expression is obtained: 

   (5.110) 

from which 𝑝s can be expressed as given in Equation (5.111): 

   (5.111) 

Substituting Equation (5.111) into the second equation of the System (5.109) and 
rearranging the terms, 𝐽s is obtained: 
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   (5.112) 

As anticipated in Chapter 4, the full stress tensor at the image point, 
1𝜎us, 𝜎vs , 𝜎ws, 𝜏uvs , 𝜏vws , 𝜏uws 2, is obtained by scaling the stress components at the current 
stress point, 1𝜎u<, 𝜎v<, 𝜎w<, 𝜏uv< , 𝜏vw< , 𝜏uw< 2, by the following scaling factor: 

   (5.113) 

Hence: 

   (5.114) 

The flow chart of the ICFEP subroutine in which the above calculations are performed is given 
in Appendix II. 
 
 
5.3 VALIDATION OF THE ICDSM IMPLEMENTATION AND ITS PERFORMANCE 
This section presents analyses carried out to validate the implementation of the IC DSM into 
ICFEP. Firstly, a series of single-element analyses is presented, with the stress paths designed 
to demonstrate some important features of the double-structure model. Secondly, the 
performance of the IC DSM is tested by simulating two experiments and comparing their 
numerical predictions to the experimental measurements. The first test is on MX-80 bentonite 
(Villar, 2005), which was examined in Section 3.4.2 whilst investigating the limits of 
applicability of the IC SSM. The second test is on Boom Clay (Romero, 1999) and was used 
as a benchmark for the validation of BExM (Sanchez et al., 2005). The former test is also 
carried out as a single-element analysis, while the latter is simulated as a boundary value 
problem. All analyses simulate the axi-symmetric geometry of the soil samples. 
 
5.3.1 ICDSM features and model performance 
 
Five single-element tests are reported here, simulating oedometer tests of samples of MX-80 
bentonite. The macro-structural model parameters reported in Table 3.8 are still valid, while 
the additional micro-structural model parameters are shown in Table 5.1. The hydraulic 
characterisation of the material is the same as reported in Chapter 3. 
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Table 5.1: Microstructural model parameters for MX-80 bentonite. 

Parameter Value 

Microstructural compressibility parameter, 𝜿𝒎 0.18 

Void factor, 𝑽𝑭 0.4 

Coefficients for the micro swelling function, 𝒄𝒔𝟏, 𝒄𝒔𝟐, 𝒄𝒔𝟑 -0.1, 1.1, 2.0 

Coefficients for the micro compression function, 𝒄𝒄𝟏, 𝒄𝒄𝟐, 𝒄𝒄𝟑 -0.1, 1.1, 2.0 

 
The test conditions are simulated by restraining vertical and horizontal displacements along the 
bottom boundary of a single-element mesh, while horizontal displacements are restrained along 
the vertical boundaries, prescribing additionally zero vertical forces. Some of the simulated 
stress paths involve unconfined swelling of the sample, in which case on the top boundary of 
a single element tied vertical displacements are prescribed to enforce uniform vertical 
deformation. To create isochoric conditions of some stress paths (i.e. swelling under constant 
volume), the top boundary of the single element is restrained from displacing vertically. 
 
Dependence of swelling strain on applied stress and on dry density 
Two wetting paths, from an initial 10 MPa of suction to zero suction, and at two different 
vertical stress levels, as shown in Figure 5.1, are simulated for samples with different initial 
dry density, 𝜌�. The stress is imposed as an initial condition in the entire finite element and its 
value is 𝜎� =0.1MPa or 𝜎� =0.5MPa. The resulting swelling strains, 𝜀v, upon wetting are 
plotted against their respective total vertical stress, 𝜎v, in Figure 5.2(a) for the sample with 
𝜌� = 1.6	Mg/m� and in Figure 5.2(b) for the sample with 𝜌� = 1.1	Mg/m�.  

 
Figure 5.1: Stress paths of swelling tests at constant stress 
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(a) (b) 

Figure 5.2: Swelling strain (expressed in natural numbers) upon wetting at constant stress: (a) dry 
density is	𝜌� = 1.6	𝑀𝑔/𝑚�; (b) dry density is	𝜌� = 1.1	𝑀𝑔/𝑚�. Tensile strains are negative. 

The model predicts smaller swelling strains when a larger stress is applied, for both the loose 
and the dense sample. Furthermore, the predicted total swelling strains are smaller for the 
looser sample. This is in agreement with experimental findings that denser samples have higher 
swelling potential.  
 
 
Irreversibility of strains in wetting/drying cycles 
The paths similar to those in Figure 5.1 are simulated next, but this time involving first a 
reduction in suction from 10 MPa to 0, followed by a suction increase from 0 to 10 MPa, under 
constant levels of vertical stress equal to 0.1MPa and 0.5MPa. A single dry density of 𝜌� =
1.6	Mg/m� is considered.  
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Figure 5.3: Evolution of vertical strain with suction. Tensile strains are negative. 

Figure 5.3 shows the resulting evolution of the vertical total strains with suction, demonstrating 
irreversible deformations. The strains are larger at smaller applied stress, which is consistent 
with the results in the previous section.  
 
Dependence of swelling pressure on dry density 
Two swelling stress tests are simulated for two values of dry density, 𝜌� = 1.1	and	1.6	Mg/
m�,  under the condition of constant volume. For this simulation, the top boundary of the single 
element is additionally restricted from displacing vertically. Both tests start from a total vertical 
stress, 𝜎v = 0.5	MPa, and reduce the suction from 10 MPa to 0. It is assumed that the 
contribution of the micro-structure is more significant in the denser sample, which is deemed 
reasonable considering the implications of the compaction effort in the formation of the double 
porosity structure, as discussed in Chapter 2. This means that for the denser sample the void 
factor is assumed to equal to 0.4, as indicated in Table 5.1. Meanwhile, for the looser sample 
the void factor is halved. 
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Figure 5.4: Evolution of the swelling pressure in a confined volume wetting test for different dry 

density. 
Figure 5.4 shows the evolution of the swelling pressure, in terms of the total vertical stress, 𝜎v, 
for initially looser (𝜌� = 1.1	Mg/m�) and denser (𝜌� = 1.6	Mg/m�) samples. Higher values 
of 𝜎v are predicted for the denser sample, which is consistent with experimental findings. 
However, the predicted magnitude of 𝜎v for the looser sample seems higher than expected, 
with only a small difference between the two swelling pressures. It is believed that the 
explanation for this is in the IC DSM formulation of the double-porosity structure, which 
accounts for highly compacted soils, i.e. soils characterised by a small range of very high dry 
densities. For this reason dry density dependency is not considered a crucial feature of the 
framework. Nevertheless, the model qualitatively captures experimental trends. 
 
Stress path dependence for changes from an unsaturated to a saturated state 
Three different stress paths, depicted in Figure 5.5, are simulated for this exercise, starting from 
the same initial unsaturated conditions of suction (10 MPa) and vertical stress (0.5 MPa), and 
finishing at the same saturated state, with 0 MPa suction and a vertical stress of 3.5 MPa. The 
relative density for all three paths is 𝜌� = 1.6	Mg/m�. The stress path no. 1 involves initial 
wetting to 0 suction at 𝜎v = 0.5	MPa, followed by loading at zero suction to 𝜎v = 3.5	MPa. 
The stress path no. 2 is loading first to 𝜎v = 3.5	MPa at constant suction of 10 MPa, followed 
by wetting to 0 suction at constant 𝜎v. The final stress path, no. 3, involves confined swelling 
to zero suction, followed by the reduction at 0 suction of total vertical stress, 𝜎v, to 3.5 MPa. 
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Figure 5.5: Stress paths for simulated changes from unsaturated to saturated stress state. 

The predicted evolutions of the total vertical strain for each of the applied stress paths are 
presented in Figure 5.6 against the total vertical stress, and are entirely plausible. Initial full 
hydration in stress path no. 1 results in a swelling (tensile) strain, which reduces subsequently, 
by about 5%, under the applied compressive vertical stress. Stress path no. 2 yields initial 
compressive strain under the applied compressive stress, followed by the swelling (tensile) 
strain under a constant vertical stress. Finally, the initial confined hydration results in zero 
vertical strain, followed by a tensile strain due the reduction in the vertical stress.  
 
The magnitude of the strain at the end of each of the three paths is different, thus further 
highlighting the stress path dependency captured by the model.  
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Figure 5.6: Predicted evolution of total strain for changes from unsaturated to saturated stress state. 

Tensile strains are negative. 

 
Stress path dependence for changes from a saturated to an unsaturated state 
Two different stress paths, depicted in Figure 5.7, are simulated for this exercise, starting from 
the same initial saturated conditions of 0 suction and 0.5 MPa vertical stress, and finishing at 
the same unsaturated state, with 10 MPa suction and vertical stress at 3.5 MPa. The relative 
density for both paths is 𝜌� = 1.6	Mg/m�. The stress path no. 1 involves an initial increase in 
suction to 10 MPa at 𝜎v = 0.5	MPa, followed by loading at 10 MPa suction to 𝜎v = 3.5	MPa. 
The stress path no. 2 applies the loading first to 𝜎v = 3.5	MPa at 0 suction, followed by an 
increase in suction to 10 MPa at constant 𝜎v.  
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Figure 5.7: Stress paths for simulated changes from saturated to unsaturated stress state. 

The predicted evolution of total strains from the two stress paths is shown in Figure 5.8. Stress 
path no. 1 results initially in shrinking (compressive) strain, which further increases with the 
applied compressive stress. Stress path no. 2 initially produces a compressive strain under the 
applied compressive stress, followed by further compression due to increase in suction 
(shrinkage). Again, stress path dependency is captured by the model. 

 
Figure 5.8: Predicted evolution of total strain for changes from saturated to unsaturated stress state. 

Tensile strains are negative. 
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5.3.2 Comparison with experimental results 
  
The performance of the IC DSM is here tested through a comparison with selected 
experimental measurements.  
 
The finite-element analysis of the oedometer test performed on MX-80 bentonite by Villar 
(2005), already presented in Section 3.4.2, is repeated here using the IC DSM to simulate the 
behaviour of bentonite. As previously stated, the macro-structural model parameters reported 
in Table 3.8 are still valid, while the additional micro-structural model parameters were shown 
in Table 5.1. The hydraulic characterisation of the material is the same as reported in Chapter 
3. 
 
The result of the simulation is compared to the experimental data and to the prediction of the 
IC SSM (previously reported in Figure 3.32) in Figure 5.9. The match between experimental 
and numerical results has greatly improved, further showing how important the role of the 
microstructure can be. 

 

Figure 5.9: Analyses run with the new IC DSM and with the IC SSM, both implemented in ICFEP: a 
considerable improvement has been obtained. Experimental data from Villar (2005). 

A test by Romero (1999) was selected to further assess the numerical performance of the IC 
DSM. This is an isothermal, constant volume swelling pressure oedometer experiment on 
compacted, unsaturated Boom Clay, which was also reproduced by Sanchez et al. (2005) to 
evaluate the numerical performance of the BExM framework. The material is statically 
compacted from an initial state of powder to a dry density of 13.7	kN/m�, into a cylindrical 
sample characterised by a 70 mm diameter and a 20 mm height. The initial condition of the 
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specimen corresponds to an initial suction of 80 MPa and a low vertical stress. During the test 
hydration to complete saturation takes place. Subsequently, the clay is dried until a suction of 
0.04	MPa is reached.  
 
The macrostructural model parameters adopted for this simulation are taken directly from 
(Sanchez et al., 2005), as they were calibrated based on the experimental work by Romero 
(1999).  The micro-structural parameters were chosen using engineering judgement, as in 
Sanchez et al. (2005). All model parameters are listed in Table 5.2. A Van Genuchten (Van 
Genuchten, 1980), non-linear, non-hysteretic soil-water retention curve (SWRC) employed in 
the analysis is fitted to data from Romero (1999), as shown in Figure 5.10. The relevant 
parameters are listed in Table 5.3. The permeability was set to 4 ∙ 10�GH m s⁄  (Romero, 1999). 
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Table 5.2: Mechanical parameters for Boom clay (Sanchez et al., 2005). 

Parameter Value 

Parameters controlling the shape of the yield surface, 𝜶𝒇, 𝝁𝒇 0.4 , 0.9 

Parameters controlling the shape of the plastic potential surface, 𝜶𝒈, 𝝁𝒈 0.4 , 0.9 

Strength parameters, 𝑴𝒇, 𝑴𝒈 0.5 

Characteristic pressure, 𝒑𝒄 (kPa) 10 

Fully saturated compressibility coefficient, 𝝀(𝟎) 0.65 

Elastic compressibility coefficient, 𝜿 0.02 

Maximum soil stiffness parameter, 𝒓 0.78 

Soil stiffness increase parameter, 𝜷 (1/kPa) 0.005 

Elastic compressibility coefficient for changes in suction, 𝜿𝒔 (kPa) 0.01 

Poisson ratio, 𝝂 0.3 

Plastic compressibility coefficient for changes in suction, 𝝀𝒔 0.5 

Air-entry value of suction, 𝒔𝒂𝒊𝒓 (kPa) 0 

Yield value of equivalent suction, 𝒔𝟎 (kPa) 106 

Cohesion increase parameter, k 
Constant or 𝑺𝒓 

Sr 

Atmospheric pressure, 𝒑𝒂𝒕𝒎 (kPa) 100.0 

Minimum bulk modulus, 𝑲𝒎𝒊𝒏 1000.0 

Hvorslev surface switch, 𝒀𝑺𝑺 0 

Microstructural compressibility parameter, 𝜿𝒎 0.06 

Void factor, 𝑽𝑭 0.4 

Coefficients for the micro swelling function, 𝒄𝒔𝟏, 𝒄𝒔𝟐, 𝒄𝒔𝟑 -0.1, 1.1, 2.0 

Coefficients for the micro compression function, 𝒄𝒄𝟏, 𝒄𝒄𝟐, 𝒄𝒄𝟑 -0.1, 1.1, 2.0 
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Figure 5.10: Soil water retention curve of Boom Clay. Experimental SWRC measured by Romero 

(1999). 

Table 5.3: Hydraulic parameters for Boom clay’s SWRC. 

Parameter Value 

Air entry suction, 𝒔𝒂𝒊𝒓 [kPa] 0 

Fitting parameter, 𝜶 0.008 

Fitting parameter, 𝒏 1.0 

Fitting parameter, 𝒎 0.3 

Suction at which Ω becomes zero, 𝒔𝛀 [kPa] 4·105 

Residual degree of saturation, 𝑺𝒓𝟎 0.0 

Suction in the long term, 𝒔𝟎 [kPa] 4·105 

 
The numerical simulation is hydro-mechanically coupled and axisymmetric. The finite-
element mesh is depicted in Figure 5.11, consisting of 36 8-noded quadrilateral elements. The 
initial conditions (Sanchez et al., 2005) are listed in Table 5.4. The boundary conditions applied 
during the test are the following: during the wetting at constant volume vertical displacements 
were prescribed to be zero on the horizontal boundaries and horizontal displacements were 
prescribed to be zero on the vertical boundaries of the mesh, while a suction decrease was 
imposed on the bottom boundary. During the drying path at the constant volume phase, 
displacements were restrained as before and suction was increased at the bottom boundary until 
a value of 0.04	MPa was reached. 
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Table 5.4: Initial conditions for the Boom clay test (Sanchez et al., 2005). 

Parameter Value 

Sample dimensions,  𝑫 ×𝑯 [mm	×	mm] 70 × 20 

Dry density, 𝝆𝒅 [𝑴𝒈 𝒄𝒎𝟑⁄ ] 1.37 

Void ratio, 𝒆 0.95 

Suction, 𝒔 [MPa] 80 

Mean equivalent stress, 𝒑 [kPa] 0.1 
 

 
Figure 5.11: Mesh used in the Boom clay test simulation and displacement boundary conditions. 

Numerical predictions and experimental data are compared in Figure 5.12 and show good 
agreement. The stress path in the  𝑝 − 𝑠&5 plane is represented in Figure 5.13, along with the 
LC curve at three different times in the analysis. At the initial state, i.e. when the stress state is 
at the point START, the LC curve is labelled with IN. Upon wetting, the material softens due 
to the 𝛽 mechanism. In fact, the swelling interaction function, 𝑓7, is active and has positive 
values. Consequently, the LC curve moves towards the left. In the meantime, the stress path 
moves towards the right in the 𝑝 − 𝑠&5 plane and, eventually, meets the LC curve. The point 
where the stress path meets the yield surface is marked as point COL in Figure 5.13. The LC 
curve at this moment of yielding is labelled with C. The macro-structure starts collapsing and 
this eventually leads to a decrease in stress, in order to preserve the zero volume change 
condition throughout yielding. When the material has saturated, i.e. when the stress state is at 
the point marked as END OF WETTING in Figure 5.13, the LC curve has reached the position 
labelled with FINAL. It can be noted that during wetting, more precisely between the initial 
state (point START in Figure 5.13) and the collapse (point COL in Figure 5.13), the stress path 
has an abrupt change in slope at point F. This is due to the interaction function,	𝑓7, becoming 
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negative. In fact, as shown in Figure 4.3, the micro-swelling function become smaller than zero 
when the ratio 𝑝q 𝑝@⁄  increases and that is what took place in Figure 5.13. 

 
Figure 5.12: Results of the simulation give a good match with experimental results. 

 

 
Figure 5.13: Stress path superposed with several positions of the LC curve: initial, at the beginning of 

collapse and final. 
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5.4 SUMMARY AND CONCLUSIONS 
The generalised constitutive model for saturated and unsaturated, expansive soils, which was 
presented in Chapter 4, was implemented into the Imperial College Finite Element Program 
(ICFEP) and validated through a series of single finite element analyses. 
 

a) Implementation 
 

New expressions for the incremental elastoplastic stiffness matrix,	%𝐷&'(, and for the matrix 
[𝑊] were obtained, in agreement with the formulation of the constitutive model. 
The incremental global stiffness matrix,	[𝐾L], is employed to form the global set of equations. 
Whilst solving these global equations, the residual load vector,	{𝜓}R, needs to be determined 
for each solution iteration. Consequently, all terms required for this calculation are presented 
in this chapter.   
 

b) Validation 
 

A series of analyses were carried out using the IC DSM and presented in this chapter. The 
results highlight some important features of the constitutive double structure model, such as 
the ability to reproduce the dependence of swelling on strain, on applied stress and on dry 
density, the irreversible strains upon wetting/drying cycles and the stress path dependency 
whilst transitioning from an unsaturated to a saturated state and vice versa. 
 
The IC DSM was also used to simulate experiments on compacted Boom clay and compacted 
MX-80 bentonite. The match between numerical results and measurements is shown to be very 
good.  
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CHAPTER 6:  NUMERICAL INVESTIGATION OF THE HYDRO-MECHANICAL 
BEHAVIOUR OF COMPACTED MX-80 BENTONITE AT THE 
LABORATORY SCALE  

 
 
6.1 INTRODUCTION 
This chapter presents a numerical investigation of the homogenisation of compacted MX-80 
bentonite upon wetting at the laboratory scale. Three experimental settings are analysed: the 
one-dimensional swelling pressure tests performed by Dueck et al. (2011, 2014), the high 
resolution experiment, also performed by Dueck et al. (2014), and the self-healing test by 
Dueck et al. (2015). Compacted MX-80 bentonite is modelled using the finite element 
software ICFEP and the IC DSM constitutive model, which was presented in Chapters 4 and 
5, calibrated with the macrostructural parameters listed in Chapter 3 and the microstructural 
parameters indicated in Chapter 5. The material’s hydraulic properties were also selected and 
discussed in Chapter 3. 
 
The outcome of the numerical investigation presented in this chapter documents the 
performance of the IC DSM whilst modelling an unsaturated, expansive clay. Furthermore, it 
assesses the current understanding of the phenomenon of the homogenisation in a controlled 
laboratory setting. In effect, this study precedes that of the homogenisation in the context of a 
deep geological repository, which is presented in Chapter 7. Finally, the present investigation 
aims at providing a commentary about the studied experimental procedures, in order to 
highlight any missing pieces of information about the tests that would have benefitted the 
reliability of the modelling choices applied in creating realistic numerical models of these 
experiments. 
 
 
6.2 ONE-DIMENSIONAL SWELLING PRESSURE TESTS 
6.2.1  Axial expansion 
 
The one-dimensional swelling pressure tests performed by Dueck et al. (2011, 2014) are 
numerically investigated: two axial expansion tests, named A01-9 and A01-13 in the 
references, and two radial expansion tests, the outward radial test R11-18 and the inward 
radial test R21-10. The latter are discussed in Section 6.2.2. 
 
6.2.1.1 Experiment 
 
The A01-9 test comprises the axial expansion of a sample of compacted MX-80 bentonite in 
a device with constant radius and adjustable height, which is schematically depicted in Figure 
6.1. The cylindrical sample, 50mm in diameter and 20mm high, is placed in the steel ring and 
saturated at constant volume, starting from the initial state detailed in Table 6.1. During this 
phase of confined hydration, the swelling of the sample, which is caused by the contact with 
water allowed through its top boundary, is prevented by a piston in the axial direction. 
Meanwhile the lateral confinement is provided by the steel ring throughout the course of the 
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experiment. Both the piston and the steel ring are equipped with load cells for the continuous 
measurement of swelling pressures in the axial and radial direction, respectively. When only 
small changes of the swelling pressures with time are registered the wetting is interrupted and 
the piston is moved upwards and fixed with spacers. Then water is again applied to the upper 
part of the specimen and the latter is allowed to reach a 25% axial strain during one-
dimensional (in the axial direction) free swelling. Subsequently, once the material has 
swollen and filled the space, the sample undergoes a second stage of confined hydration. 
Upon completion of this second stage the whole experiment is completed. Several slices of 
material are then taken from the dismantled specimen in order to determine water content and 
void ratio distributions in the direction of swelling. Throughout the test the surfaces of the 
testing apparatus are lubricated by means of a mineral-oil based lubricant, in order to 
minimise the friction (Dueck et al., 2014). 

 
Figure 6.1: Experimental set-up for test A01-9 at the beginning of the test (on the left) and in the 

moment the piston is lifted (on the right, Dueck et al., 2011). 

Table 6.1: Initial conditions for test A01-9. 

Parameter Value 

Sample dimensions,  𝑫×𝑯 [mm	×	mm] 50 × 20 

Dry density, 𝝆𝒅 [𝑴𝒈 𝒄𝒎𝟑⁄ ] 1.6 

Void ratio, e 0.7 

Suction, 𝒔 [MPa] 48 

Water content, 𝒘 [%] 13 

Degree of saturation, 𝑺𝒓 [%] 50 

Initial stress state, 𝝈𝒂 ; 𝝈𝒓 [MPa] 0.6 ; 0.3 
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6.2.1.2 Numerical analysis 
 
The A01-9 test is investigated with an axi-symmetric, hydro-mechanically coupled 
simulation carried out with ICFEP (Potts & Zdravkovic, 1999). The finite element mesh is 
depicted in Figure 6.2. It comprises 40 quadrilateral, 8-noded finite elements and its left-hand 
side boundary is an axis of symmetry, which coincides with the centre of the cylindrical 
sample. Therefore, the domain is 25mm wide and 20mm high and the analysis is axi-
symmetric in nature. 

 
Figure 6.2: FE mesh employed for test A01-9. 

The simulation of the A01-9 test is divided into four phases, each characterised by the 
following boundary conditions:  
 

• phase 1 (1st confined hydration), horizontal displacements are set to zero along the 
vertical boundaries of the mesh (i.e. 2-3 and 4-1 with reference to Figure 6.2), while 
vertical displacements are set to zero at the horizontal boundaries (i.e. 1-2 and 3-4), 
thus the volume remains constant. A gradual (reducing) change in suction is imposed 
on the top boundary (i.e. 3-4) until the equivalent suction reaches zero throughout the 
whole sample. Initially, a zero pore water pressure condition was employed instead. 
However, the very large gradient in suction imposed all in one step caused numerical 
issues. For this reason, several gradual suction changes were tested and the one that 
helped fit best the measurements was used. Nevertheless, it was verified that the 
suction change rate only influenced the predictions in a minor way. This approach 
was adopted in all the tests studied in this chapter except the self-healing test, for 
which suction was continuously measured. As an example, the suction rate adopted in 
this simulation is as follows: ∆𝑠 = 3MPa in the first 10 increments (each lasting 3 
hours), ∆𝑠 = 0.4MPa in the subsequent 30 increments (7 hours each), then ∆𝑠 =
0.1MPa for 3 increments (7 hours each) and finally, for the reminder of the hydration, 
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the suction is maintained at zero. There is no flow of water across the remaining 
sample boundaries in all phases of the experiment. Total duration of this first confined 
hydration phase is 380 hours, which corresponds to 16 days;  
 

• phase 2 (release), horizontal displacements are set to zero on the vertical boundaries 
(i.e. 2-3 and 4-1) and vertical displacements are set to zero on the bottom boundary 
(i.e. 1-2). There is now no flow of water across the top boundary of the mesh, as the 
simulated sample is not in contact with water at this stage. The top boundary is 
allowed to swell freely, with the vertical reactions at nodes on this boundary, created 
from the restriction of movements in phase 1, gradually reduced to zero. This release 
phase is very brief;  

 
• phase 3 (free swell), suction is assumed to remain at zero on the top boundary, while 

horizontal displacements remain set to zero on the vertical boundaries and vertical 
displacements remain set to zero on the bottom boundary. These boundary conditions 
apply until the desired heave of the top boundary, which is 5mm, has been reached. 
The vertical displacements of the nodes on the top boundary are tied together, in order 
to achieve uniform swelling of 5mm across the top surface. Duration of this phase is 
240 hours, which corresponds to 10 days; 
 

• phase 4 (2nd confined hydration), same displacement boundary conditions as in phase 
1 apply for the remainder of the test, while suction is assumed to remain at zero on the 
top boundary. 

 
6.2.1.3 Results 
 
The results from the numerical analysis of test A01-9 are reported hereafter. The evolutions 
of the measured and predicted axial and radial stresses with time are presented in Figures 6.3 
and 6.4, respectively. The numerical results, plotted with solid lines, are compared with the 
experimental data shown as symbols (open circles). The axial stress is estimated at the right 
top corner of the mesh, i.e. 𝑟 = 25mm and 𝑧 = 20mm. Meanwhile, the radial stress is shown 
at three points located on the right boundary of the mesh, 𝑟 = 25mm, at three different 
heights, 𝑧 = 5mm, 𝑧 = 10mm and 𝑧 = 15mm, measured from the bottom boundary of the 
mesh in Figure 6.2.  
 
During the hydration of the sample under constant volume, which takes place over 
approximately 380 hours, the axial and radial swelling pressures increase as a result of the 
confinement. Upon saturation the stresses stabilise and the peak values of 8.8 and 10 MPa are 
registered for axial (Figure 6.3) and radial stress (Figure 6.4), respectively. The IC DSM 
reproduces well the build-up of stress during the confined hydration. In particular, the 
prediction of the axial stress over time is in remarkably good agreement with the available 
data. On the other hand, the measured radial stress seems to grow faster than the numerical 
prediction. However, the difference in growth rate between the measured axial and radial 
stresses during the first confined hydration is not straightforward to interpret and to explain. 
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The IC DSM estimates a substantially isotropic behaviour of the sample, both in terms of the 
growth rate and the value of the maximum swelling pressure. The only input to the analysis 
which could potentially trigger a non-isotropic behaviour is the initial stress state of the 
sample. As indicated in Table 6.1, the initial axial stress is twice the initial radial stress. 
Nevertheless, apart from the initial state, the material is assumed to be isotropic. The 
experimental peak values of axial and radial stresses are different: the maximum radial stress 
(10 MPa, Figure 6.4) is larger than the maximum axial stress (8.8 MPa, Figure 6.3). In light 
of the different growth rates and peak values of the swelling pressures, it would seem 
reasonable to consider the potential anisotropy of compacted MX-80 bentonite as a subject 
for further experimental research, especially since the anisotropy could be related to the 
compaction process which, in the case of the A01-9 test, was one-dimensional and static 
(Dueck et al., 2011, 2014).  
 
Subsequent to the free swelling phase, the swelling pressures develop again during the 2nd 
hydration phase. Figure 6.4 shows that the model prediction is in agreement with the radial 
stress measurements, while Figure 6.3 shows that the model slightly under-predicts the axial 
stress.    

 
Figure 6.3: Axial stress evolution in time in test A01-9. 
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Figure 6.4: Radial stress evolution in time in test A01-9. 

The evolutions in time of the degree of saturation,	𝑆@, and suction, 𝑠, obtained from the 
numerical analysis are shown in Figures 6.5 and 6.6, respectively. No measurements were 
available to compare with these predictions. Both	𝑆@ and 𝑠 are presented at three points 
located at 𝑟 = 25mm and at heights 𝑧 = 5mm, 𝑧 = 10mm and 𝑧 = 20mm.  
 
The upper part of the specimen is the fastest to reach full saturation, i.e. 𝑆@ = 100% and	𝑠 =
0𝑀𝑃𝑎, and, subsequently, the rest of the sample also saturates. While releasing the vertical 
reactions on the top boundary, however, the sample desaturates slightly, reaching 𝑆@ ≈ 94% 
and 𝑠 ≈ 6𝑀𝑃𝑎. This allows the material to saturate for a second time and, upon 2nd confined 
hydration, develop the swelling pressures shown in Figures 6.3 and 6.4. 
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Figure 6.5: Degree of saturation evolution in time in test A01-9. 

 
Figure 6.6: Suction evolution in time in test A01-9. 

The evolutions in time of void ratio,	𝑒, and water content, 𝑤, obtained from the numerical 
analysis are shown in Figures 6.7 and 6.8, respectively. No measurements were available to 
compare with these predictions. Both	𝑒 and 𝑤 are presented at three points located at 𝑟 =
25mm, at heights 𝑧 = 5mm, 𝑧 = 10mm and 𝑧 = 20mm. 
 
During the first confined hydration, the void ratio is re-distributed along the height of the 
sample, although the mean value remains at around 𝑒 = 0.7, which is reasonable given the 
constant volume condition. The top part of the sample, at 𝑧 = 20 mm, initially swells, being 
the first to be inundated with water, becoming less dense and compressing the lower parts of 
the sample. As a result, the lower parts at 𝑧 = 5 mm and 𝑧 = 10 mm initially contract and 
become denser. When they start to swell after about 50 hours and become looser, the top part 
is compressed and starts to contract. At the end of the first confined hydration ∆𝑒~0.1 
between the top and the bottom part of the sample, the former being denser. Free swelling 
then increases the void ratio throughout the sample, but the pattern of the void ratio 
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difference remains through the second confined hydration. At the end of the test, the upper 
part of the sample is denser than the lower part. 
 
The water content is computed from the void ratio: 𝑤 = (𝑒 ∙ 𝑆@) 𝜌P⁄ , where 𝜌P = 2.78 𝑘𝑔 𝑚U⁄  
is the particle density (Dueck et al., 2014). Figure 6.8 shows that the water content at the top 
of the sample, 𝑧 = 20 mm, increases rapidly during the first 50 hours of testing, coinciding 
with the increase of the void ratio and degree of saturation. Then its growth slows down 
during the rest of the first confined hydration. Meanwhile, in the rest of the specimen, the 
water content tends to increase at a constant rate and at the end of the first confined hydration 
the lower parts of the sample are wetter than the top. This pattern remains during the second 
confined hydration. 
 

 
Figure 6.7: Void ratio evolution in time in test A01-9. 

 
Figure 6.8: Water content evolution in time in test A01-9. 

Finally, the numerical predictions are compared to the post-mortem measurements. Figure 6.9 
depicts three void ratio profiles from numerical analysis, taken along the right-hand side 
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boundary of the mesh, at 𝑟 = 25mm, at three different times: the beginning of the test, 𝑡 =
0h, just before the end of first confined wetting, approximately at 𝑡 = 300h, and the end of 
the test, 𝑡 = 710h. The measurements are shown as symbols. Figure 6.10 shows analogous 
profiles for the water content. 
 
The numerical results for both the void ratio and water content are consistent with the 
evolution presented in Figures 6.7 and 6.8, in that the upper, about one third, part of the 
sample is denser and drier than the lower part. The measurements, on the other hand, indicate 
that the upper part of the sample is looser and wetter. The agreement between predictions and 
measurements is very good in the lower two thirds of the sample, up to 𝑧~13 mm, with 𝑒~1 
and 𝑤~35% on average. It is also worth noting that the absolute difference in void ratio and 
water content between the lower and upper parts of the sample is ~0.1 and ~5%, 
respectively, from the measurements and numerical predictions.  

 
Figure 6.9: Void ratio profiles along the height of the sample in test A01-9. 
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Figure 6.10: Water content profiles along the height of the sample in test A01-9. 

 
6.2.1.4 Discussion: microstructural calibration 
 
In light of the remarks about the uncertainties in the calibration of the micro-structural 
parameters of the IC DSM presented in Chapter 4, it is interesting to repeat the analysis of the 
A01-9 test using a different micro-structural calibration.  
 
The A01-9 test is repeated with a second set of parameters for the IC DSM. For clarity, the 
calibration employed in Section 6.2.1.3 is called Calibration #1. The alternative Calibration 
#2, employed in the present section, sets the following microstructural parameters: 
 

• 𝜅X is lowered to 0.1, from 0.18; 
• the coefficients of the interaction functions are set to 𝑐PU = 𝑐ZU = 5.0 instead of 2.0. 

 
The microstructure plays a smaller role in Calibration #2 than it does in Calibration #1. This 
is because the microstructural compressibility is smaller and the interaction functions also 
have a smaller value than before for a given 𝑝@ 𝑝\⁄  ratio. In order to re-equilibrate the overall 
behaviour of the material the macrostructural compressibility coefficient with respect to 
changes in equivalent suction, 𝜅P, is increased from 0.06 to 0.091, which is still a realistic 
value for MX-80 bentonite, as shown in Chapter 3. 
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The evolutions of the axial and radial stresses obtained from the numerical analysis are 
presented in Figure 6.11(a) and 6.11(b), respectively. The measurements are in good 
agreement with the predictions, as they were in Figures 6.3 and 6.4 obtained with Calibration 
#1. 

  
(a) (b) 

Figure 6.11: (a) axial and (b) radial stress evolution in time in test A01-9, using Calibration #2. 
The predicted evolutions of the degree of saturation and of suction are shown in Figure 
6.12(a) and 6.12(b), respectively. The results are very similar to those shown in Figures 6.5 
and 6.6. 

 
(a) 
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(b) 

Figure 6.12: (a) degree of saturation and (b) suction evolution in time in test A01-9, using 
Calibration #2. 

 
The evolutions of the void ratio and of the water content are presented in Figure 6.13(a) and 
6.13(b), respectively. It is interesting to note that the internal re-distribution of void ratio 
within the sample, evidenced in Figure 6.7, is not encountered here, proving that it was 
related to a microstructural mechanism. Both the void ratio and water content are more 
uniform at the end of first confined hydration. It would have been interesting to measure the 
real distribution from a sample that had just gone through the first confined hydration in order 
to have an indication about which scenario is more realistic. 

 
 
 

 
(a) 
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(b) 

Figure 6.13: (a) void ratio and (b) water content evolution in time in test A01-9, using Calibration #2. 
Similar to Figure 6.9, Figure 6.14 presents three void ratio profiles taken along the right-hand 
side boundary of the mesh. The graphs at 𝑡 = 0ℎ and 𝑡 = 300ℎ are identical because the void 
ratio is constant along the vertical section of the sample at the end of the first confined 
hydration, as evidenced in Figure 6.13(a). In terms of the water content, Figure 6.15 shows 
that it increases uniformly along the height of the specimen between 𝑡 = 0ℎ and 𝑡 = 300ℎ. 
The final profiles of void ratio and water content are also more uniform, with 𝑒~0.95 and 
𝑤~32.5% on average. 

 
Figure 6.14: Void ratio profiles along the height of the sample in test A01-9, using Calibration #2. 
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Figure 6.15: Water content profiles along the height of the sample in test A01-9, using Calibration #2. 
 
6.2.1.5 Discussion: possible anisotropy of bentonite 
 
Another axial swelling test, called the A01-13 test, from Dueck et al. (2014) is numerically 
investigated in this section. The objective is to further investigate the plausibility of the 
anisotropic behaviour of the compacted MX-80 bentonite. The A01-13 test entirely resembles 
the A01-9. The only differences between the two are: firstly, the axial strain during the free 
swell phase is now 14% (i.e. 2.9 mm) instead of 25% (i.e. 5 mm), and, secondly, the initial 
stress state is now 𝜎_ = 0.51 MPa and 𝜎@ = 1 MPa, compared to 0.6 MPa and 0.3 MPa, 
respectively. Calibration #1 is employed for the MX-80 bentonite in the simulation. The 
study of the A01-13 test is useful to investigate further the possible anisotropic behaviour of 
compacted MX-80 bentonite. 
 
The evolutions of the axial and radial stresses with time are presented in Figures 6.16(a) and 
6.16(b), respectively. The peak stresses measured upon the first confined saturation are 
similar to the values registered in the A01-9 (8.8 MPa for axial and 10 MPa for radial stress). 
However the experimental growth rate of the radial stress is surprisingly high, in that a 
measured value of over 8 MPa is reached almost instantaneously in Figure 6.16(b). Even the 
axial stress seems to develop more rapidly over the first 5 MPa. As a consequence, it is not 
surprising that the model underpredicts quite significantly both stresses in the first 200 hours. 
In comparison, the A01-9 test was better reproduced by the IC DSM because the growth rates 
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of the stresses measured in the experiment were similar throughout the wetting phase, though 
the radial stress still developed slightly more rapidly.  
 
Figures 6.16(a) and 6.16(b) also show final stress states after second confined hydration, 
which are higher than in the case of the A01-9 test. This can be explained by the smaller axial 
strain allowed during the free-swelling stage in the A01-13 test (14% instead of 25%). The 
material spends less of its swelling potential expanding in volume and, therefore, is able to 
exercise larger swelling pressures subsequently. The IC DSM correctly reproduces this 
aspect. 

  
(a) (b) 

Figure 6.16: (a) axial and (b) radial stress evolution in time in test A01-13. 
The evolutions of the degree of saturation and of suction are presented in Figure 6.17(a) and 
6.17(b), respectively. The outcome is very similar to that presented for the A01-9 test. 
 

 
(a) 
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(b) 

Figure 6.17: (a) degree of saturation and (b) suction evolution in time in test A01-13. 
The evolutions of the void ratio and of the water content are shown in Figure 6.18(a) and 
6.18(b), respectively. As observed for the A01-9 test, the void ratio is redistributed along the 
height of the sample upon the first confined hydration, with the upper part of the sample 
being denser than the lower part at the end of the test. 
 

 
(a) 
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(b) 

Figure 6.18: (a) void ratio and (b) water content evolution in time in test A01-13. 
Figures 6.19 and 6.20 present the void ratio and water content profiles. In both images it is 
shown that the predictions approximate quite well the average final values of the distributions 
at the end of the test. Nevertheless, the measured values are underestimated at the top of the 
sample and overestimated at the bottom. 
 

 
Figure 6.19: Void ratio profiles along the height of the sample in test A01-13. 
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Figure 6.20: Water content profiles along the height of the sample in test A01-13. 

The A01-13 test evidences similar trends as the A01-9 test. Figure 6.16 shows that the radial 
swelling pressure develops faster than the axial swelling pressure. However, this could be due 
to the initial conditions of the sample, therefore it is not possible to conclude with a 
reasonable amount of certainty whether the compacted MX-80 bentonite sample exhibits or 
not an anisotropic behaviour.  
 
Not all axial swelling tests presented in Dueck et al. (2011, 2014) exhibit different measured 
stress levels in the axial and radial directions. For example, test A01-10 from Dueck et al. 
(2011) is considered. The same material characterisation, boundary conditions and initial 
conditions as the A01-9 and A01-13 tests apply, with the exception of the initial stress state, 
which is now 𝜎_ = 0.61 MPa and 𝜎@ = 0.2 MPa, and the allowed axial strain, which is now 
37.5%. Figure 6.21 shows that the A01-10 experiment presents similar evolutions in time for 
axial stress and radial stress. It can also be noted that the peak values are identical and that 
the growth rate of the radial stress is only minimally higher than that of the axial stress in the 
first 100 hours of testing. 
 



201 
 

 
Figure 6.21: Axial and radial stress evolution measured in test A01-10 (Dueck et al., 2011). 

From the experimental evidence discussed thus far in this chapter it is not possible to express 
a definitive opinion about the anisotropy of compacted MX-80 bentonite. Therefore, at 
present, there is not enough information to introduce reliably anisotropy into the constitutive 
model or into the hydraulic properties of the material. However, in order to improve the 
numerical modelling of bentonite, it would be worth looking into the material’s possible 
anisotropy by conducting an experimental investigation. As a start, it would be helpful to 
repeat the three axial swelling tests examined insofar, i.e. A01-9, A01-13 and A01-10, using 
samples with the same initial stress state.  
 
6.2.1.6 Swelling pressure at laboratory scale 
 
Dueck et al. (2014) proposed an empirical expression to obtain the value of the peak swelling 
pressure upon confined hydration from the dry density of the material. In Figure 6.22, the 
results obtained in the numerical analyses of the A01-9 and A01-13 tests are compared to the 
proposed relationship. It can be noted that the overall performance of the IC DSM is good. 
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Figure 6.22: Comparison between the numerical predictions and the empirical relationship given by 

Dueck et al. (2014). 
 
6.2.2 Radial expansion 
6.2.2.1 Experiment  
 
The R11-18 and R21-10 tests comprise the radial expansion of a sample of compacted MX-
80 bentonite in a device with adjustable radius and constant height that is schematically 
depicted in Figures 6.23(a) and 6.23(b), respectively. The initial state of the material is 
detailed in Table 6.2. The cylindrical sample, 46.8mm in diameter and 40mm high, is first 
saturated at constant volume. During this phase, both tests allow free access to water through 
the lateral boundary. Upon stabilisation of the swelling pressures, the wetting is interrupted 
and the sample is taken out of the testing device. The R11-18 sample is trimmed 
circumferentially, leaving a certain volume for swelling after re-mounting it in the testing 
device. On the other hand, a cylindrical volume is carved from the centre of the R21-10 
specimen before this is re-mounted in the testing device. In the first case, the sample’s new 
diameter is 43.8mm, hence an outward radial strain equal to 6.5% is allowed. In the second 
case, an 18mm internal diameter is created, hence an inward radial strain equal to 40% is 
allowed. In terms of volume, the aforementioned strains correspond to a 12.4% volume 
change in the case of the R11-18 test, and a 14.8% volume change in the case of the R21-10 
test. Once the samples are re-mounted in the device the free access to water is re-established 
through the lateral boundary and the expansion takes place. The cavity of the R21-10 
specimen is also filled with water. Subsequently, once the samples have regained their initial 
volume, the swelling pressures start developing again, eventually reaching a stable value. As 
for the axial tests, the final distributions of the water content and the void ratio in the 
direction of swelling are measured. 
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(a) (b) 

Figure 6.23: Experimental set-ups for test R11-18 (a) and R21-10 (b) (Dueck et al., 2011). 
Table 6.2: Initial conditions for the radial swelling pressure tests. 

Parameter Outward swelling R11-18 Inward swelling R21-10 

Sample dimensions,  𝑫×𝑯 [mm	×
	mm] 

46.8 × 40 

Dry density, 𝝆𝒅 [𝑴𝒈 𝒄𝒎𝟑⁄ ] 1.6 

Void ratio, e 0.7 

Suction, 𝒔 [MPa] 48 

Water content, 𝒘 [%] 13 

Degree of saturation, 𝑺𝒓 [%] 50 

Initial stress state, 𝝈𝒂 ; 𝝈𝒓 [MPa] 1.896 ; 0.621 0.914 ; 0.334 

 

6.2.2.2 Numerical analysis 
 
As before, the radial swelling tests are investigated using ICFEP and IC DSM. Two hydro-
mechanically coupled, axi-symmetric analyses are carried out, where the axis of symmetry 
coincides with the centre of the cylindrical sample. The finite element mesh employed for the 
R11-18 simulation is depicted in Figure 6.24(a), while the one employed for the R21-10 
simulation is shown in Figure 6.24(b). The mesh comprises 54 and 64 8-noded quadrilateral 
elements, respectively, and is 23.4mm wide and 40mm high. 
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(a) (b) 

Figure 6.24: Mesh employed for (a) the R11-18 test and (b) the R21-10 test. 
The radial swelling tests are divided into four phases, each characterised by the following 
boundary conditions:  

• phase 1 (1st confined hydration), horizontal displacements are set to zero along the 
vertical boundaries of the mesh (i.e. 5-6 and 4-1), while vertical displacements are set 
to zero at the horizontal boundaries (i.e. 1-5 and 6-4), thus the volume remains 
constant. A gradual (reducing) change in suction is imposed on the lateral boundary 5-
6, until the equivalent suction reaches zero throughout the whole sample. There is no 
flow of water across the remaining sample boundaries. Duration of this phase is 280 
hours, which corresponds to 11 days;  
 

• phase 2 (excavation), the finite elements within region 2-5-6-3 in Figure 6.24(a) and 
1-2-3-4 in Figure 6.24(b) are excavated. This excavation phase is very brief; 
 

• phase 3 (free swell), the displacement constraint is lifted from boundaries 5-6 in 
Figure 6.24(a) and 4-1 in Figure 6.24(b). A suction decrease is imposed on the 
boundary 2-3 in Figure 6.24(a) and on the boundaries 2-3 (i.e. the cavity) and 5-6 (i.e. 
the lateral surface) in Figure 6.24(b). The horizontal displacement on the boundary 2-
3 in Figure 6.24 are tied together, in order to achieve uniform swelling across the 
lateral surface. These boundary conditions apply until completion of the swelling. 
This phase lasts a day for the R11-18 test, and 330 hours (14 days) for the R21-10 
test;  
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• phase 4 (2nd confined hydration), same displacement boundary conditions as phase 1 
apply for the remainder of the test, while the suction remains at zero on the wetting 
boundaries. 

 
6.2.2.3 Results and discussion 
 
Outward radial swelling 
The results from the numerical analysis of the R11-18 test are reported hereafter. The 
evolutions of the axial and radial stresses are presented in Figures 6.25 and 6.26, respectively, 
where they are compared to the experimental measurements. Overall, the model predictions 
are in good agreement with the data, though the peak axial stress is slightly underestimated 
because the model predicts the same axial and radial swelling pressures of 10 MPa. Similar to 
the axial swelling pressure tests, the material does not seem to behave isotropically, as this 
time the peak axial stress is 2 MPa larger than the peak radial stress. However, the growth 
rates are comparable during the first confined hydration. 
 

 
Figure 6.25: Axial stress evolution in time in test R11-18. 
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Figure 6.26: Radial stress evolution in time in test R11-18. 

The evolutions of the degree of saturation,	𝑆@, and of suction, 𝑠, are shown in Figures 6.27 
and 6.28. The graphs show	𝑆@ and 𝑠 at three different radii, 𝑟 = 8mm, 𝑟 = 15mm and 𝑟 =
21.9mm. It can be noted that, since the radial strain allowed in the free swelling phase is 
relatively small (only 6.5%), this phase is fairly short, lasting slightly more than 24 hours.  
 

 
Figure 6.27: Degree of saturation evolution in time in test R11-18. 
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Figure 6.28: Suction evolution in time in test R11-18. 

The evolutions of the void ratio,	𝑒, and the water content, 𝑤, at three different radii, 𝑟 =
8mm, 𝑟 = 15mm and 𝑟 = 21.9mm, and at 𝑧 = 20mm are shown in Figures 6.29 and 6.30. 
As highlighted in the axial swelling pressure tests, the void ratio re-distributes along the 
width of the sample during the first confined hydration. Upon saturation, at around 𝑡 = 270h, 
the material is denser in the proximity of the wetting boundary and looser at a distance, 
similar to the axial swelling test. 
 

 
Figure 6.29: Void ratio evolution in time in test R11-18. 
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Figure 6.30: Water content evolution in time in test R11-18. 

The predicted void ratio profiles along a radial section at mid-height of the sample are 
depicted in Figure 6.31. The analogous water content profiles are shown in Figure 6.32. The 
graphs are represented for three different time steps: the beginning of the test, 𝑡 = 0h, 
towards the end of the first confined wetting, 𝑡 = 200h, and the end of the test, 𝑡 = 620h. 
The latter is compared to the post-mortem measurements, showing reasonable agreement. The 
predicted patterns of void ratio and water content profiles across the sample are similar to 
those shown along the sample height in Figures 6.14 and 6.15, as well as 6.19 and 6.20, for 
the axial swelling tests, in that the sample is denser and drier closer to the wetting boundary 
after the first confined hydration.  
 

 
Figure 6.31: Void ratio profiles along the width of the sample in test R11-18. 
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Figure 6.32: Water content profiles along the width of the sample in test R11-18. 

 
Inward radial swelling 
The results from the numerical analysis of test R21-10 are reported hereafter. The evolutions 
of the axial and radial stresses are presented in Figures 6.33 and 6.34, respectively, where 
they are compared to the experimental measurements. The model generally under-predicts the 
stresses, despite producing predictions that are similar to those obtained for the R11-18 test, 
which were in good agreement with the measurements. In effect, while the peak radial and 
axial stresses measured in the R11-18 test were 10 MPa and 12MPa, respectively, the R21-10 
test yields a peak radial stress of 14MPa, some 2MPa larger than the peak axial stress. Hence 
the two experiments present similar axial stresses but very different radial stresses during the 
first confined hydration. It is not straightforward to understand the reason behind this 
evidence, as the samples undergo the same soaking process and only differ in the initial stress 
state. The model predictions reflect this uncertainty and the radial stress in R21-10 is 
significantly underestimated. 
 
Figures 6.33 and 6.34 also indicate that the stresses are under-predicted during the second 
confined hydration. In order to understand why, it would have been essential to have some 
information about the duration of the free swelling phase, since this affects the capacity of the 
specimen to develop the swelling pressure, and the change of suction with time. The model 
predicts smaller stresses than in the case of the R11-18 test (shown in Figures 6.25 and 6.26) 
and this is reasonable because the R21-10 sample has undergone a larger swelling, hence 
consuming a larger portion of its swelling potential. 
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Figure 6.33: Axial stress evolution in time in test R21-10. 

 
Figure 6.34: Radial stress evolution in time in test R21-10. 

The evolutions of the degree of saturation,	𝑆@, and of suction, 𝑠, at three different radii, 𝑟 =
10mm, 𝑟 = 15mm and 𝑟 = 23.4mm, are shown in Figures 6.35 and 6.36. The patterns of 
both 𝑠 and 𝑆@ are similar to those shown for the previous analyses. 
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Figure 6.35: Degree of saturation evolution in time in test R21-10. 

 
Figure 6.36: Suction evolution in time in test R21-10. 

The evolutions of the void ratio,	𝑒, and the water content, 𝑤, at the same three radii, 𝑟 =
10mm, 𝑟 = 15mm and 𝑟 = 23.4mm, are shown in Figures 6.37 and 6.38. The predicted final 
void ratio is sensibly larger than in the case of the R11-18 test, because the strain allowed 
during the free swell is significantly larger. As highlighted for the axial swelling tests, the 
void ratio re-distributes along the width of the sample during the first confined hydration. In 
particular, the material closest to the lateral boundary becomes denser, while the rest becomes 
looser. In terms of the water content, the sample soaks in more water in order to swell more.  
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Figure 6.37: Void ratio evolution in time in test R21-10. 

 
Figure 6.38: Water content evolution in time in test R21-10. 

Void ratio profiles along a radial section at mid-height of the sample are depicted in Figure 
6.39. The analogous water content profiles are shown in Figure 6.40. The graphs are 
presented for three different time steps: the beginning of the test, 𝑡 = 0h, at the end of the 
first confined wetting, 𝑡 = 300h, and the end of the test, 𝑡 = 620h. The latter is compared to 
the post-mortem measurements. The void ratio and the water content are over-predicted in the 
internal part of the sample, while they match well the data in the external part. 
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Figure 6.39: Void ratio profiles along the width of the sample in test R21-10. 

 
Figure 6.40: Water content profiles along the width of the sample in test R21-10. 

 

6.2.3 Discussion  
 
The numerical study of the one-dimensional swelling pressure tests performed by Dueck et 
al. (2011, 2014) has produced, for each experiment, the predictions of the evolution in time of 
the stresses, suction, degree of saturation, void ratio and water content, along with the 
numerically estimated distributions of the void ratio and the water content in the direction of 
the swelling at different times. In order to validate these predictions, the available laboratory 
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measurements, namely the evolution of the stresses and the post-mortem measurements of the 
void ratio and the water content, were used as comparison.  
 
The numerical predictions of the swelling pressures are generally in good agreement with the 
experimental evidence, particularly in the axial and the outward radial swelling tests as 
shown in Figures 6.3, 6.4, 6.25 and 6.26. This suggests that the swelling potential of the 
bentonite is overall well reproduced by the IC DSM. Nevertheless, the constitutive model 
mostly predicts an isotropic behaviour of the bentonite, as the axial stress and the radial stress 
generally evolve at the same rate and to the same maximum value. Meanwhile, most of the 
experiments present different growth rates and peak values for the axial and radial stresses. 
This seems to suggest that the bentonite might behave anisotropically in terms of stresses. In 
particular, the measurements from the axial tests, A01-9 and A01-13, as well as those from 
the inward radial test, R21-10, indicate that the swelling pressure is always higher in the 
radial direction during the first confined hydration. After the free swell, this is still true in the 
case of the axial tests, whereas the R21-10 test shows that the final value of the radial stress is 
lower than that of the axial stress, which is reasonable because the sample has swollen 
radially. On the other hand, the outward radial test, R11-18, indicates that the measured radial 
stress is lower than the axial stress during the first confined hydration. These seemingly 
contrasting experimental data are difficult to interpret, especially as to why the radial tests, 
R11-18 and R21-10, present a 4MPa difference in the peak value of the radial stress. As a 
consequence of this uncertainty, the stress predictions for the R21-10 test show a significant 
underprediction of the radial stress upon first confined hydration. Furthermore, it can be 
noted that not all swelling tests from Dueck et al. (2011, 2014) show an anisotropic behaviour 
of bentonite. In fact, the axial test A01-10 presents a very similar evolution of the stresses, as 
shown in Figure 6.21. Overall, there is not enough evidence to confidently state whether or 
not the compacted bentonite is anisotropic and, if yes, what is the preferential direction of 
swelling. This matter is worthy of further experimental investigation, as the constitutive 
modelling of the material, both mechanical and hydraulic, can be improved based on an 
improved knowledge. 
 
The final distributions of the void ratio and the water content are generally well approximated 
by the simulations. Even in the case of the R21-10 test, where a 40% radial strain is allowed, 
causing large changes of the void ratio and the water content at the end of test, the analyses 
yield realistic, if partly overestimated, distributions (Figures 6.39 and 6.40).  
 
It has been shown that using different microstructural parameters for the IC DSM yields 
similar predictions for stress mobilisation but different predictions for the void ratio evolution 
throughout the sample. In particular, the analysis of the A1-09 test was carried out using the 
micro-structure-driven Calibration #1 and the macro-structure-driven Calibration #2. The 
outcome showed that the former was able to capture a re-distribution of the void ratio and the 
water content along the height of the sample (Figures 6.9 and 6.10) and that the latter could 
not (Figures 6.14 and 6.15). At present there is not sufficient experimental evidence that 
clearly proves which scenario is more realistic, as no measurements of the void ratio or the 
water content were taken during the test. In general, the shortage of intermediate 



215 
 

measurements poses some issues in the numerical modelling. For example, the measurement 
of suction over time would have been another important measurement that could have been 
used to validate the analyses. At present, the wetting rates assumed in the simulations were 
chosen by fitting the measurements. In fact, they affect the development of the swelling 
pressures during the first confined hydration. Furthermore, the amount of suction reached 
upon desaturation, following the expansion, affects the stress level at the end of the second 
confined hydration phase. 
 
Finally, it is interesting to note that, despite claiming that all samples were compacted to the 
same value of dry density (𝜌`@a = 1.6	𝑀𝑔 𝑚U⁄ ) from the same batch of MX-80 bentonite 
(Dueck et al., 2014), the initial stress state is different in every experiment. Additional details 
about the sample preparation phase might help to understand the reason for this. It should 
also be noted that the compaction process is particularly important because, as previously 
discussed, it might contribute to the seemingly anisotropic behaviour in swelling that has 
been encountered in the available experimental evidence. 
 
 
6.3 HIGH RESOLUTION TEST 
6.3.1    Experiment 
 
The axial high resolution test HR-A1 was run by Dueck et al. (2014) with the purpose of 
refining the experimental evidence gathered through the one-dimensional swelling pressure 
tests that were described and analysed in the previous section. To achieve this, a larger 
cylindrical sample, 100mm in diameter and 40mm high, was employed. This allowed a more 
precise post-mortem distribution of the void ratio and of the water content to be obtained.  
 
The numerical investigation of the HR-A1 test is presented in this section. The experiment 
comprised the axial expansion of the sample of compacted MX-80 bentonite in a device with 
constant radius and adjustable height, which is sketched in Figure 6.41. Similar to tests A01-9 
and A01-13, the specimen was initially surrounded by a steel ring while a movable piston 
was placed against its top boundary. This time, however, the material at the beginning of the 
test was already nearing full saturation, i.e. the water content was 24%, so that the experiment 
could take place in a relatively short period of time (Dueck et al., 2014). The given initial 
conditions for the bentonite are reported in Table 6.3. After mounting the specimen into the 
testing device, free access to water through the top boundary was provided and an axial strain 
of 25% was allowed. The height of the specimen thus went from 40mm to 50mm. Upon 
completion of the swelling, the volume was kept constant by the piston, allowing the material 
to further hydrate under constant volume. The developed swelling pressures were measured 
continuously using load cells both in the axial and in the radial direction. At the end of the 
test, the specimen was dismantled and cut into slices for the determination of the void ratio 
and the water content along vertical sections.  
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Figure 6.41: Experimental set-up of the HR-A1 test (Dueck et al., 2014). 

Table 6.3: Initial conditions for the compacted MX-80 bentonite in the HR-A1 test. 

Parameter High Resolution test, HR-A1 

Sample dimensions,  𝑫×𝑯 [mm	×
	mm] 

100 × 40 

Dry density, 𝝆𝒅 [𝑴𝒈 𝒄𝒎𝟑⁄ ] 1.6 

Void ratio, e 0.7 

Water content, 𝒘 [%] 24 

Initial stress state, 𝝈𝒂 ; 𝝈𝒓 [MPa] 0 ; 0 

 
6.3.2 Numerical analysis  
 
The HR-A1 test was investigated in ICFEP (Potts & Zdravkovic, 1999) using a hydro-
mechanically coupled, axi-symmetric analysis, where the axis of symmetry coincides with 
the centre of the cylindrical sample. The finite element mesh, 50mm wide and 40mm high, is 
depicted in Figure 6.42 and it comprises 32 8-noded quadrilateral elements. Calibration #1 of 
the IC DSM is employed for the MX-80 bentonite in the simulation.  
 
Dueck et al. (2014) states that the sample is almost saturated at the beginning of the test and 
that the water content is at 24%. However, a retention curve for the material does not 
accompany this information. This creates a certain degree of uncertainty regarding the 
suction that corresponds to the given water content. Using the retention curve of MX-80 
bentonite that was given in Chapter 3, an initial value of 5MPa is assumed for the sample. 
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Figure 6.42: Finite element mesh employed in the analysis of the HR-A1 test. 

The HR-A1 simulation is divided into two phases, each characterised by the following 
boundary conditions:  
 

• phase 1 (free swell), horizontal displacements are set to zero along the vertical 
boundaries of the mesh (i.e. 2-3 and 4-1 with reference to Figure 6.42), while vertical 
displacements are set to zero at the base (i.e. 1-2 in Figure 6.42). A gradual (reducing) 
change in suction is imposed on the top boundary (i.e. 3-4). The sample is allowed to 
expand axially until a 25% strain is reached, which corresponds to a 10mm heave of 
the top boundary. During the expansion, the vertical displacement on the top 
boundary are tied together. The duration of this phase is 900 hours;  
 

• phase 2 (confined hydration), the vertical displacements at the top boundary are 
imposed to be zero, hence the volume is kept constant. Free access to water is 
maintained at the top boundary. These boundary conditions are applied for the 
remainder of the test. The duration of this phase is 710 hours. 
 

6.3.3 Results and discussion 
 
The results from the numerical analysis of test HR-A1 are reported hereafter. The evolutions 
of the axial and radial stresses are represented in Figures 6.43 and 6.44 where they are 
compared to the respective experimental measurements. The axial stress is measured on the 
top boundary of the sample, while the radial stress is measured in three points located at 𝑟 =
50mm, and 𝑧 = 15, 30 and 40mm from the sample base. From Figure 6.43 it can be noted 
that the numerically computed axial stress starts developing after about 900 hours. During 
this period of time the 10mm heave of the top boundary of the specimen is reached.  
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Nevertheless, the measurements indicate that the axial stress starts building up after only 50 
hours and the swelling of the material is much faster than what the numerical analysis 
predicts. The magnitudes of the axial swelling pressure are also vastly different. This 
significant difference is difficult to interpret given that no direct acknowledgement of the 
duration of the free swell of the sample is available in the reference. The evolution of suction 
in time is also not documented. On the other hand, the radial stress measurements, pictured in 
Figure 6.44, present a better agreement between predictions and measurements, though the 
model still under-estimates the measurements. Overall, despite the uncertainty regarding the 
duration of the free-swelling phase, the general trend of the test is captured by the numerical 
model. 

 
Figure 6.43: Axial stress evolution in time in test HR-A1. 
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Figure 6.44: Radial stress evolution in time in test HR-A1. 

The predicted evolutions of the degree of saturation,	𝑆@, and suction, 𝑠, obtained from the 
numerical analysis are shown in Figures 6.45 and 6.46, respectively. Both	𝑆@ and 𝑠 are 
presented at three points, located at 𝑟 = 50mm and at heights 𝑧 = 5mm, 𝑧 = 20mm and 𝑧 =
40mm from the sample base. It can be noted in Figure 6.45 that the sample is predicted to 
fully saturate after approximately 500 hours. However, there is some suction left within the 
material until approximately 1300 hours (Figure 6.46). 
 

 
Figure 6.45: Degree of saturation evolution in time in test HR-A1. 
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Figure 6.46: Suction evolution in time in test HR-A1. 

The predicted evolutions of the void ratio,	𝑒, and the water content, 𝑤, are shown in Figures 
6.47 and 6.48, respectively. The results are presented at three points located at 𝑟 = 50mm 
and at heights 𝑧 = 5mm, 𝑧 = 20mm and 𝑧 = 40mm from the sample base. The largest 
values of 𝑒 and 𝑤 are predicted in the top part of the sample, where the material has become 
looser because of the free swelling. It can be noted that both the void ratio and the water 
content at height 𝑧 = 40mm experience a small decrease at 𝑡~900 h, when the volume is 
first imposed as constant. This is reasonable, as the material pushes against the piston and, 
therefore, becomes locally denser. 
 

 
Figure 6.47: Void ratio evolution in time in test HR-A1. 
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Figure 6.48: Water content evolution in time in test HR-A1. 

Figure 6.49 depicts three void ratio profiles taken along the right-hand side boundary of the 
mesh, i.e. 𝑟 = 50mm, at three different times: beginning of the test, 𝑡 = 0h, end of free 
swelling, approximately 𝑡 = 900h, and end of test, 𝑡 = 1610h. The latter is compared to the 
post-mortem distribution. Figure 6.50 shows analogous graphs for the water content. It can be 
noted that the final state of the sample is very well reproduced throughout the entire 
specimen.  

 

 
Figure 6.49: Void ratio profiles along the height of the sample in test HR-A1. 
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Figure 6.50: Water content profiles along the height of the sample in test HR-A1. 

As anticipated, in the above analysis the initial value of suction assigned to the bentonite is of 
great importance. Because the material is nearing saturation throughout the entire test, 
relatively small changes of suction can influence greatly the numerical predictions. In order 
to show an example of this, the HR-A1 is simulated for a second time, assuming 𝑠 = 10MPa, 
instead of 𝑠 = 5MPa, which corresponds to 𝑆@ = 88%, instead of 𝑆@ = 95% according to the 
retention curve employed to characterise the bentonite in the analysis (which was reported in 
Chapter 3). The new predictions for axial and radial stresses are presented in Figures 6.51 and 
6.52, respectively. While the axial stress has only slightly increased, the radial stress has 
changed significantly, especially during the phase of free swell. Comparing Figure 6.52 to 
Figure 6.44 it can be noted that the peak stress values have increased throughout the sample 
and are now even larger than the experimental measurements. The almost instantaneous 
development of the radial stress indicated by the measurements is still not reproduced in the 
analysis, however the match is slightly better.  
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Figure 6.51: Axial stress evolution in time in test HR-A1, using a larger initial suction. 

 
Figure 6.52: Radial stress evolution in time in test HR-A1, using a larger initial suction. 

The new evolutions of degree of saturation,	𝑆@, and suction, 𝑠, are shown in Figures 6.53 and 
6.54, respectively. 
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Figure 6.53: Degree of saturation evolution in time in test HR-A1, using a larger initial suction. 

 
Figure 6.54: Suction evolution in time in test HR-A1, using a larger initial suction. 

The new evolutions of the void ratio,	𝑒, and of the water content, 𝑤, are shown in Figures 
6.55 and 6.56, respectively. Interestingly, compared to Figures 6.47 and 6.48, both have 
lowered in the top third of the sample while remaining the same in the rest of the sample. 
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Figure 6.55: Void ratio evolution in time in test HR-A1, using a larger initial suction. 

 
Figure 6.56: Water content evolution in time in test HR-A1, using a larger initial suction. 

The distributions of the void ratio and the water content are pictured in Figure 6.57. 
Consistent with the end of the test evolutions of 𝑒 and 𝑤 presented in Figures 6.55 and 6.56, 
their average values along the sample height are more uniform, agreeing well with 
measurements in the lower two thirds of the sample but under-predicting the upper 
measurements. It is possible that the higher initial suction prescribed in this simulation has 
accelerated the homogenisation process within the volume of the specimen. 
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(a) (b) 

Figure 6.57: (a) void ratio and (b) water content profiles along the height of the sample in test HR-
A1, using a larger initial suction. 

Overall, while the numerical analysis has managed to reproduce the general trends of the 
experiment, the seemingly instantaneous expansion of the material, i.e. the sample achieves 
an axial strain of 25% in just a few hours, as well as the consequent quasi-instantaneous 
growth of the radial stress, is not straightforward to explain. As previously stated, having 
more information about the testing procedures during the free swell phase would help shed 
light on the subject and would allow for better certainty of input into the numerical 
modelling. 
 
 
6.4 SELF HEALING TEST 
6.4.1 Experiment  
 
Dueck et al. (2015) has investigated the self-healing property of compacted MX-80 bentonite 
by carrying out the SH1 test. This experiment reproduces the loss of material that can occur 
during the life span of a bentonite buffer due to physical damage or erosion. The numerical 
simulation of the SH1 test is presented in this section. 
 
The specimen used in the SH1 test is pictured in Figure 6.58(a): the inner diameter is 100 
mm, while the outer diameter is 300 mm and the height is 100 mm. Two large cavities were 
trimmed in opposite positions to simulate the loss of material. They measure 35mm in height, 
70mm in circumferential length and 50mm in radial depth from the outer face of the 
specimen. The initial conditions of the material are summarised in Table 6.4. The testing 
apparatus, shown in Figure 6.58(b), consists of two very stiff cylinders (one inner and one 
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outer) equipped with transducers for the measurement of swelling pressures and suction. 
During the test, the material is wetted through its external lateral boundary and through the 
cavities and its swelling is expected to fill the two artificial cavities. Similar to the HR-A1 
test, the SH1 starts when the material is already nearing saturation. This allows to limit the 
duration of the test to 32 months, instead of the longer period of time which would have been 
required to saturate a drier sample.  
 

  
(a) (b) 

Figure 6.58: (a) the sample employed in the SH1 test and (b) the testing device with the sample inside 
(Dueck et al., 2015). 

Table 6.4: Initial conditions of the compacted MX-80 bentonite in test SH1. 

Parameter Value 

Outer diameter Dout [mm] 300 

Inner diameter Din [mm] 100 

Sample height [mm] 100 

Cavity dimensions, radial length × width × height [mm] 50×70×35 

Dry density, 𝝆𝒅 [𝑴𝒈 𝒄𝒎𝟑⁄ ] 1.6 

Void ratio, e 0.7 

Suction, 𝒔 [MPa] 5 

Water content, 𝒘 [%] 23 

Initial stress state, 𝝈𝒂 ; 𝝈𝒓 [MPa] 0 ; 0 

 
The array of sensors equipping the testing device is shown in Figure 6.59(a) (Dueck et al., 
2015). There are several sensors for the continuous measurement of stresses, i.e. P1, P2, P3, 
P4, P5, P6, P66, P33, as well as two sensors for the continuous measurement of suction, i.e. 
W1 and W2. Furthermore, the post–mortem distributions of the dry density were carried out 
along the radial sections indicated in Figure 6.59(b) (Dueck et al., 2015). 
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(a) 

 
(b) 

Figure 6.59: Position of (a) the sensors in the testing device and (b) the sections of post-mortem 
measurements. (Dueck et al., 2015). 
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6.4.2 Numerical analysis  
 
A 3D hydro-mechanically coupled analysis of the SH1 test was performed using ICFEP and 
the IC DSM constitutive model. The finite element mesh, which comprises 10880 20-noded 
hexahedral elements, is shown in Figure 6.60. The domain coincides with an eighth of the 
specimen, thanks to the presence of three planes of symmetry. The assumed position of 
selected sensors is also marked in Figure 6.60. However, sensor P3 is omitted, as it lies 
outside of the region of the initial mesh.  
 
Throughout the analysis, the mechanical boundary conditions imposed zero radial 
displacements on the cylindrical external and internal surfaces of the mesh, zero vertical 
displacements on the base and the top boundary and zero normal displacements on the two 
vertical symmetry planes. No mechanical boundary conditions were imposed on the three 
surfaces of the cavity because the material is allowed to swell and fill the cavity. In terms of 
hydraulic boundary conditions, the cylindrical external surface is a wetting boundary, along 
with the three surfaces of the cavity (as the latter is filled with water). Using the available 
suction measurements, a gradual reduction of suction was imposed on these surfaces.  
 

 
Figure 6.60: Finite element mesh employed in the analysis of the SH1 test. 

 
6.4.3 Results and discussion 
 
The numerical results obtained from the analysis of the SH1 test are presented hereafter. The 
evolution of suction over time is shown in Figure 6.61, for a sensor W2 located on the inside 



230 
 

radial boundary of the sample, behind the cavity. Despite achieving a good agreement 
between the W2 measurements and numerical prediction, the readings from sensor W2 are 
slightly contradictory, as they indicate a final value of suction between 1 MPa and 0.3 MPa. 
The analysis aimed to match the lower boundary, however the sensors do not clarify the 
amount of suction left in the sample at the end of the experiment. Readings from sensor W1 
were interrupted shortly after the beginning of the test, consequently this could not provide 
useful information. Figure 6.62 presents the predicted distribution of the suction in the 
specimen at the end of the test. It can be noted that, while the material has saturated 
everywhere as its suction is in the range of 0.3 MPa to 0.33 MPa and therefore below the air-
entry value of 1 MPa (discussed in Chapter 3), there is still some suction left. 
 

 
Figure 6.61: Evolution of suction in time in the SH1 test. 
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Figure 6.62: Suction distribution in the sample at the end of the SH1 test (suction values in kPa). 

The distribution of the magnitude of the resultant (absolute) displacement in the mesh is 
presented in Figure 6.63. The values are sensibly lower than the dimensions of the cavity, 
which means that the sample has not fully self-healed as it did in the experiment. At the end 
of the analysis, 18% of the cavity height, 8% of the cavity length and 11% of the cavity width 
have been filled. It can also be noted from Figure 6.63 that the corner in the cavity barely 
moves, hence suggesting that the peculiar shape of the cavity might have influenced the 
expansion of the material from a numerical standpoint.  

 
Figure 6.63: Displacement distribution in the sample at the end of the SH1 test (displacement values 

in m). 
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Figure 6.64 shows the predictions of the swelling pressures with time compared to the 
measurements provided by the sensors. It can be noted that, while the former tend to stabilise 
after 600 days, the latter reach a quasi-stable value much earlier. As already evidenced for 
some of the one-dimensional swelling tests, as well as for the high resolution HR-A1 test, the 
experimental development of stress is faster than what the model predicts. However, it is 
unclear how the stress is measured by sensor P3 (and P33 on the opposite side of the sample, 
outside of the domain of the mesh). Since it is located on the region of the steel ring that 
corresponds to the centre of the cavity, it should not report any stress larger than zero until 
the sample has fully swollen. Instead, the stress builds-up from 𝑡 = 0h. This is difficult to 
interpret given also that the swelling of the sample was not measured in terms of 
displacements during the test. 
 

 
Figure 6.64: Evolution of the swelling pressure compared to the sensors' measurements. 

Figures 6.65, 6.66 and 6.67 present the final distributions of the dry density along radial 
sections. With reference to Figure 6.59(b), sections in Figure 6.65 are located in the lower 
outermost third of the mesh, those in Figure 6.66 in the second outermost third and those in 
Figure 6.67 in the upper innermost third. Sections A3 and B3 in the latter image show that the 
infilling of the cavity is only partial at the end of the simulation. 
 
The predicted values of dry density are generally overestimated in all sections, which is 
consistent with the inability of the model to reproduce the full self-healing of the cavity. 
From a numerical standpoint this could be explained as a concurrence of different factors. 
Nevertheless, the most likely decisive factor is the very low amount of suction present in the 
sample at the beginning of the test. In fact, it is slightly surprising that the material manages 
to fully self-heal in the experiment despite being near full saturation and having a zero initial 
stress state. As in the case of most experiments studied in this chapter, the lack of information 
regarding important aspects, such as the amount of suction in the specimen, does not facilitate 
the interpretation of the data. 
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Figure 6.65: Final distributions of the dry density in sections located in the lower third of the 

specimen. 
 

 
Figure 6.66: Final distributions of the dry density in sections located in the middle third of the 

specimen. 
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Figure 6.67: Final distributions of the dry density in sections located in the upper third of the 

specimen. 
 
 
6.5 GENERAL DISCUSSION 
Based on the outcome of the numerical study of bentonite homogenisation at laboratory scale 
that has been presented in this chapter, there are multiple points worthy of discussion. For the 
sake of clarity, these are divided into two large groups: the first group regards the 
performance of the numerical tools utilised in the analyses, the second group concerns the 
experimental evidence that has been numerically investigated and, in particular, the process 
of integration of the given information into the simulations.  
 
6.5.1 Performance of the numerical tools 
 
Based on the analyses detailed in the previous sections the IC DSM has proven a suitable 
constitutive model for compacted bentonite. The material’s swelling has been generally well 
reproduced. The numerical predictions of stresses over time, as well as the post-mortem 
distributions of void ratio, dry density and water content, are in reasonable agreement with 
the experimental measurements. In order to evaluate the importance of employing a double 
structure conceptual framework for the bentonite, it is interesting to compare the performance 
of the IC DSM to that of the IC SSM. For this purpose, the stress predictions for the R11-18 
test shown in Section 6.2.2.3.1 have been compared to the results obtained with the IC SSM.  
The macrostructural parameters employed for the IC DSM are used as parameters for the IC 
SSM in order to obtain a quantitative estimation of the influence of the micro-structure on the 
overall behaviour by comparing the two sets of results. Figure 6.68 shows the evolution of 
the axial and radial stress over time for the two constitutive models. The peak stresses are 
considerably lower, by about 30%, in the case of the single structure model. This difference 
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can be interpreted as an approximate estimation of the microstructural contribution to the 
swelling of the material. 
 

  
(a) (b) 

Figure 6.68: (a) axial and (b) radial stress evolution in test R11-18 computed with two different 
constitutive models for bentonite. 

As discussed in Chapter 4, there is a degree of uncertainty about the calibration of the 
microstructural parameters employed by the IC DSM, i.e. 𝜅X, 𝑓c and 𝑉𝐹. For this reason, 
two distinct triplets of values have been employed whilst studying the axial swelling test 
A01-9. It has emerged that, despite yielding similar stress evolutions over time, the 
calibrations significantly influence the distribution of the void ratio after the material is 
wetted. In particular, the larger the contribution of the microstructure is, the more the void 
ratio is redistributed in the direction of the swelling. Given the lack of any measurement at 
this point in the test, it is impossible to confirm whether this reproduces the real behaviour of 
the material. On the other hand, if this information were available, it would give an indirect 
indication for the calibration of the IC DSM. 
 
It has been further discussed whether the MX-80 bentonite exhibits anisotropic behaviour, or 
whether the observed differences result from the uncertainties related to sample preparation 
and initial states of the material. Overall, it is unclear whether the material has a preferential 
direction for the development of the swelling pressure and, as previously mentioned, more 
experimental work is necessary to clarify this point. In fact, any decision regarding 
introducing anisotropy in the modelling framework of the bentonite should be supported and 
validated by experimental evidence. Besides, any compacted material might present a 
preferential direction of swelling due to the influence of the compaction process. 
 
All experiments shown in this chapter present samples that have not fully homogenised at the 
end of the test. The measurements in the material in the proximity of the wetting boundary 
present a larger void ratio and water content than the rest. It is interesting to note that, in spite 
of this, the swelling pressures always stabilise before the sample is dismantled. Generally, the 
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IC DSM manages to capture this. The dependency of the swelling pressures on the dry 
density is also well captured in terms of peak values, as shown in Figure 6.22. Nevertheless, 
the growth rate of the stresses is often underestimated. This could be due to wrong 
assumptions about the wetting rate, as this is not stated in the references except for the self-
healing test. Alternatively, the material could, as said, have a preferential direction of 
swelling. The duration of the free swell phases in the one-dimensional swelling experiments 
are also left unspecified by Dueck et al. (2011, 2014).  
 
The simulation of the self-healing test could not reproduce the material’s swelling properly, 
as in the simulation the cavities are not filled with bentonite at the end of the test. From a 
numerical standpoint, given the good performance of the IC DSM and of the chosen 
calibration assessed in the previous simulations, this seems due to the small suction left inside 
the sample. Being almost saturated, the material has already exercised a great part of its 
swelling potential. It is also possible that the swelling at a saturated state is propelled by a 
mechanism that is not included in the constitutive model. This aspect is also worthy of further 
experimental investigation. 
 
6.5.2 Comments on the experimental work 
 
The numerical analyses described in the previous sections are characterised by several 
modelling choices that are based on the interpretation of the information given in the 
references. For this reason, the quality and the reliability of the outcome strongly depend on 
close collaboration between experimentalists and modellers. Hereafter are a number of points 
that required delicate modelling choices and that, in the future, could be made easier by 
providing specific details about the experiment: 
 

• the compaction process 
The full description of the stress history of the sample is very important for the choice 
of the initial value of the hardening parameter 𝑝\∗, which controls the initial position of 
the macrostructural yield surface in the IC DSM. This could be particularly important 
since the compaction appears to influence the behaviour of the material evidenced 
throughout the tests. It is also unclear why different initial stress states apply to 
different samples, despite all having the same dry density (𝜌`@a = 1.6		𝑀𝑔 𝑚U⁄ );  

 
• the evolution of suction 

In order to impose the correct suction decrease over time as a hydraulic boundary 
condition of the analyses, the evolution of suction with time is necessary. In the 
analyses presented, several wetting rates were considered and the one that fitted best 
the experimental evidence was chosen (except for the SH1 test, for which the 
measurement of suction was provided); 
  

• the duration of the free swell phase 
The time taken by the samples to reach the desired heave upon free swell is a 
fundamental piece of information. For the one-dimensional swelling pressure tests, 



237 
 

this is not mentioned in the references (Dueck et al., 2011, 2014). For the high-
resolution test, Dueck et al. (2014) do not report it either. However, from the 
observation of the evolution of the axial stress, it would appear that the swelling took 
a few hours only. If this were true, it would mark a very significant difference with, 
for example, the self-healing test. In fact, despite the time of the self-healing process 
being also unknown, the experiment lasted over 900 days. Therefore, the expansion 
could have been a much slower process. Without any clarification, the evidence 
collected in this chapter regarding the rate and speed of the free swell of the material 
seems contradictory; 
 

• intermediate measurements 
It would be interesting to monitor the state of the material at the end of each 
significant stage. For example, the distribution of the void ratio after confined 
saturation in the one-dimensional swelling pressure tests would be interesting to 
compare to the predictions. The latter are influenced by the choice of the 
microstructural parameters which, as stated several times, is complicated by persisting 
uncertainties; 
 

• MIP porosimetry 
As discussed in Chapter 4, the pore size distribution function can potentially be linked 
to the initial value of the initial microstructural hardening parameter, the void factor. 
Hence performing a MIP investigation on the tested bentonite helps its 
characterisation. Furthermore, comparing the pore distribution after saturation with 
the initial measurement would help confirm the hypothesis of Seiphoori et al. (2014) 
about the evolution of the bentonite’s fabric towards a single-porosity structure; 
 

• soil water retention curve 
A retention curve is necessary to correctly interpret the information given about the 
water content. 
  
 

6.6 SUMMARY AND CONCLUSIONS 
A numerical study of the hydro-mechanical behaviour of compacted MX-80 bentonite at the 
laboratory scale was presented. Its purpose was to validate the available numerical tools, in 
order to proceed to the analysis of the behaviour at a larger scale, as presented in the next 
chapter. The constitutive model IC DSM, presented in Chapters 4 and 5, was employed to 
model bentonite and it has been shown that it simulates well the main features of the 
material’s behaviour. 
 
Firstly, four one-dimensional swelling pressure tests were studied, two of which (A01-9 and 
A01-13) comprised an axial swelling of the sample, test R11-18 was an outward radial and 
test R21-10 an inward radial swelling. In all four analyses the predictions were mostly in 
agreement with the measurements. In particular, the evolution of stress with time and vertical 
distribution of the void ratio and the water content in the sample were correctly reproduced. 
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Nevertheless, test R21-10 had an unexpectedly high peak radial stress, 4 MPa larger than the 
axial stress, and was underpredicted by the IC DSM. The reason for this is unclear, however 
it is possible that the bentonite exhibited anisotropic behaviour, perhaps as a consequence of 
the compaction process. The peak radial stress of R21-10 was also 2MPa higher than the peak 
radial stress in the R11-18 experiment in the first confined hydration phase, despite the two 
samples supposedly being similar and the test boundary conditions being the same. The only 
recorded difference was the initial stress state. Different calibrations of the IC DSM were 
tested to reproduce A01-9, in order to assess the influence of the microstructural parameters. 
Comparing the results obtained it was shown that the change in void factor, interaction 
functions and microstructural compressibility had the largest influence on the spatial 
distribution of the void ratio after hydration. In particular, whenever the micro-structure 
became prominent the void ratio would tend to redistribute across the direction of the 
swelling. On the contrary, whenever the macro-structure became prominent the void ratio 
would tend to be more uniform across the specimen height. The average value would stay the 
same in both cases. Unfortunately, there were no intermediate measurements of the void ratio 
to confirm which scenario was the most suitable. Should they be provided, some important 
indications about the calibration of the IC DSM microstructural parameters could be 
obtained. 
 
Secondly, the high-resolution axial swelling test HR-A1 was reproduced. The use of a larger 
sample in this experiment allowed to depict the void ratio in the material with a high-
resolution and the IC DSM managed to reproduce this very well. However, there is an 
uncertainty about the period of time that the sample requires to achieve the 25% axial strain. 
While nothing is explicitly stated in the reference, the measured axial stress starts growing 
after two days hence indicating that the material has already fully swollen by then. The 
numerical prediction, on the other hand, indicates a longer period for the swelling. This point 
would require further clarification of the swelling conditions applied to the test sample. 
Furthermore, it was shown that the initial value of suction, which is also not explicitly stated 
in the reference, influences the simulation of the test and, in particular, it affects the growth 
rate of the radial stress. The evolution of suction with time is a very important piece of 
information that was not stated for any of the swelling pressure tests examined, thus 
generating uncertainty about some modelling choices such as the wetting rate. 
 
Finally, the self-healing test SH1 was numerically investigated. Two large cavities were cut 
from the specimen and, upon wetting, the material was supposed to expand and fill them. 
However, the simulation fails to reproduce this self-healing process, as the cavities at the end 
of the tests were only partly filled. The final distributions of the dry density across several 
sections were overestimated by the numerical prediction. As in the case of the HR-A1 test, it 
would have been useful to be able to consult the evolution of the swelling of the sample with 
time. The growth rate of the stresses and their final values are underestimated. 
 
Overall, it was demonstrated that the behaviour of compacted bentonite was well captured by 
the constitutive model IC DSM and, in particular, the final state of the samples at the end of 
the tests was well reproduced. It was emphasised that the calibration issues evidenced for the 
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microstructural parameters of the IC DSM could be overcome if a sufficiently detailed 
monitoring of the experiments is carried out. Several important pieces of information were 
not available for the studied experiments, particularly the compaction process, the evolution 
of suction, the duration of the free swell phase, the intermediate measurements of the void 
ratio and the hydraulic characterisation of the tested material. 

 
 
 
 
 
 
 
 
 
 
 
 



240 
 

CHAPTER 7:  NUMERICAL INVESTIGATION OF THE FEBEX IN-SITU EXPERIMENT  
 
 
7.1 INTRODUCTION 
The solution proposed in many European countries for the long-term storage of high-level 
radioactive waste comprises the construction of a Geological Disposal Facility (GDF) 
infrastructure. Within these underground facilities the radioactive material would be placed 
inside a drift or a borehole where, sealed inside corrosion-resistant copper or steel canisters, it 
would be protected by a buffer material. Made of compacted, unsaturated blocks, the buffer is 
a highly expansive clay capable of developing high swelling pressures upon contact with 
groundwater supplied by the host formation in which the drift or borehole is excavated. Upon 
re-saturation the swelling of the buffer is expected to seal the initial placement gaps and thus 
provide an additional and fundamental layer of protection for the waste, which is expected to 
be isolated at all times from the host formation in order to avoid the potentially harmful leakage 
of contaminants. A numerical study of the thermo-hydro-mechanical (THM) evolution of the 
buffer upon re-saturation is therefore an essential tool to investigate the effectiveness of GDFs.  
 
The FEBEX in-situ experiment is a repository mock-up test conducted at real scale, conceived 
with the purpose of demonstrating the feasibility of constructing a GDF. The structure was kept 
in operation for nearly 20 years, providing an adequate time period for the interpretation and 
prediction of the THM processes that concur in the evolution of the buffer. The experiment 
generated a large amount of data which can be, and has been, employed in the development 
and validation of numerical tools. 
 
This chapter presents a numerical study of the FEBEX experiment, carried out through a series 
of two- and three-dimensional analyses performed in ICFEP. The objectives are to investigate 
the re-saturation of the buffer and quantify the extent of the influence of the experiment on the 
host formation, using the numerical tools developed and discussed in Chapters 4 and 5. 
 
 
7.2 EXPERIMENT 
The FEBEX (Full-scale Engineered Barriers Experiment in Crystalline Host Rock) in-situ test 
was conceived to serve a dual purpose. The first purpose was to demonstrate the feasibility of 
constructing the deep geological storage as commonly conceived in many European countries. 
The second one was to acquire a better understanding of the THM processes taking place in 
the near field while developing and validating the modelling tools required for interpretation 
and prediction of such processes (FEBEX, 2017; ENRESA, 2000). The FEBEX experiment 
was conducted over a period of 18.4 years, from 1997 to 2015, at the Grimsel test site in 
Switzerland. Excavated below 450 metres of granitic rock, which constitutes the host 
formation, the FEBEX drift is 70.4 m long, with a circular cross-section 2.28 m in diameter. 
However, the experiment takes place only in the last 17.4 m of the drift which is isolated from 
the rest of the structure by a 2.7-metre-long concrete plug, as shown in the schematic layout 
depicted in Figure 7.1. Two electrical heaters were placed inside the drift, each with a circular 
section 0.9 m in diameter. These were designed to simulate heat emission of real waste-
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containing canisters. In reality, the radioactive material would decay over time, hence giving 
off heat that affects both the buffer and a portion of the host rock. The space between the 
canisters and the drift walls is filled with the buffer material. In this case three rings of 
compacted FEBEX bentonite blocks were emplaced around the heaters, as indicated in a 
transverse section in Figure 7.1: the inner ring, which is closest to the heater, the middle ring 
and the outer ring, which is closest to the rock. Transverse sections between and at the ends of 
the heaters have an additional central zone of bentonite blocks.  

 
Figure 7.1: Geometry of the FEBEX drift and its transverse section (FEBEX, 2017). 

 
The FEBEX in-situ test was performed in several different stages. Prior to the beginning of the 
experiment, the drift was excavated and, subsequently, the space was gradually filled with the 
bentonite blocks and the heaters. The heaters had an initial temperature of 12℃, however, they 
were not switched on until the concrete plug was built to seal the drift. The first stage, which 
marks the beginning of the experiment in 1997, is called Stage 1A and it includes the first five 
years of operation of the facility, in which the heaters were heated up from 12℃ to 100℃ within 
two months from installation and, subsequently, maintained at a constant temperature of 100℃. 
Stage 1A ended with the first dismantling in 2002, the latter constituting Stage 1B. During this 
time the concrete plug was demolished and the FEBEX drift was re-opened. The buffer was 
also partly removed until it became possible to extract the first heater, the one closest to the 
entrance of the drift, the surrounding bentonite blocks and a new concrete plug was built to 
seal the drift. An additional 13 years of operation of the remaining second heater constitutes 
Stage 2 and leads to the final dismantling in 2015. The configuration of the FEBEX in-situ test 
during Stage 1 and Stage 2 is schematically laid-out in Figures 7.2(a) and 7.2(b), respectively. 
The initial conditions of the FEBEX in-situ test are reported in Table 7.1. The values indicated 
for bentonite refer to the material upon its installation. Throughout the experiment, the buffer 
was heavily instrumented with sensors, providing continuous measurements of relative 
humidity, temperature and stress at numerous transverse sections of the drift. The location and 
the activity of all sensors during Stage 1 is detailed in the Sensors data report (2003). However, 
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a conspicuous number of sensors experienced technical failure before or during Stage 2. Hence, 
the amount of field measurements decreased as the experiment advanced. This is documented 
in Martinez et al. (2016). All additional details on the FEBEX in-situ experiment are reported 
in FEBEX (2017) and ENRESA (2000). 

 
(a) 

 
(b) 

Figure 7.2: Configuration of the FEBEX in-situ test during (a) Stage 1 and (b) Stage 2 (FEBEX, 
2017). 
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Table 7.1: Initial conditions of the FEBEX in-situ experiment. 
Parameter rock bentonite 

Suction, s (MPa) -4.5 120 
Vertical total stress, 𝝈𝒗 (MPa) 9 0 

Horizontal total stress, 𝝈𝒉 (MPa) 28 0 
Temperature, 𝑻 (℃) 10 12 

Dry density, 𝝆𝒅𝒓𝒚 (g/cm3) 2 1.6 
 
7.3 MATERIALS 
Four materials have to be characterised in order to study the FEBEX in-situ experiment: the 
buffer, which is made of FEBEX bentonite, the host rock, which is granite, the heater-
containing canister, which is made of steel, and the concrete of the sealing plug. The 
constitutive models as well as the hydraulic and thermal properties chosen for each material 
are detailed hereafter.  
 
7.3.1 Compacted FEBEX bentonite 
 
Mechanical characterisation 
The buffer material is characterised with the IC DSM. As discussed in Chapter 3, the calibration 
of the constitutive model requires the investigation of the material under isotropic, oedometric 
and triaxial conditions. The study of the fabric is also necessary to estimate certain 
microstructural parameters, as specified in Chapter 4. Nevertheless, sufficient information 
could not be sourced from the available literature to carry out a full and independent model 
calibration for this material, following the procedure previously described in this thesis. The 
adopted approach consisted instead of:  
 

• estimating the parameters for which a direct measurement was available; 
• proposing a suitable calibration for the remaining parameters; the experience gained in 

calibrating compacted MX-80 bentonite provides an appropriate starting point; 
• checking the calibration fit against the given experimental evidence.  

  
FEBEX (2017) and ENRESA (2000) provide the triaxial and oedometric characterisation of 
the compacted FEBEX bentonite. Based on the former, for a dry density of 𝜌+,- = 1.6 g cm5⁄ , 
the material has an angle of shearing resistance of 𝜙′9: = 14°, similar to compacted MX-80 
bentonite. Therefore, consistent with what was reported in Chapter 3, it was decided to select 
an associated modified Cam-Clay ellipse in the 𝑝 − 𝐽 plane, where the stress ratio at failure is 
equal to	(𝑞 𝑝C⁄ )E = 𝑀E = 0.5. Consequently, the shape parameters are set to 𝛼E = 𝛼J = 0.4 
and 𝜇E = 𝜇J = 0.9, and 𝑀E = 𝑀J is imposed. The oedometric data in the above references 
consists of a set of tests performed at different suctions and vertical loads. The tested material 
is FEBEX bentonite with a dry density of 1.7Mg cm5⁄ . Three experiments are examined and, 
for clarity, they are referred to here as O1, O2 and O3. Their characteristics are summarised in 
Table 7.2. The analyses of tests O1, O2 and O3 are used to validate the proposed calibrated 
parameters for FEBEX bentonite, which are listed in Table 7.3. Two sets of model parameters, 
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indicated as Calibration #1 and Calibration #2 in Table 7.3, have been derived from the 
experience gained in modelling the compacted MX-80 bentonite. The reason for proposing 
more than one set of model parameters originates in the lack of information about the isotropic 
behaviour of the compacted FEBEX bentonite, which sheds uncertainty on the post-yield 
compressibility coefficient, λ(sQR). In effect, the model parameters r and β cannot be calibrated 
directly in the absence of isotropic data.	λ(0) cannot be directly estimated either, because 
ENRESA (2000) states that, due to equipment limitations, the compaction load applied when 
preparing the samples was higher than the highest applied load in the experiments used to 
estimate λ. This implies that the stress paths most likely occur inside the elastic region beneath 
the LC curve. The calibrations in Table 7.3 also differ in the micro-structural parameters, 𝜅V, 
𝑉𝐹 and 𝑓Z. As observed in Chapter 6, employing different values offers insights into the role of 
the micro-structure, which has been shown to influence greatly the numerical predictions.  
 

Table 7.2: Oedometer tests on compacted FEBEX bentonite (FEBEX, 2017; ENRESA, 2000). 

Test 
Wetting path Loading path 

Applied vertical stress (MPa) Initial suction (MPa) Applied suction (MPa) 
O1 0.1 490 1 
O2 0.1 505 0 (full saturation) 
O3 5 14 0.1 

 

Table 7.3: Proposed mechanical parameters for compacted FEBEX bentonite. 

Parameter Calibration #1 Calibration #2 

Parameters controlling the shape of the yield surface, 𝜶𝒇, 𝝁𝒇 0.4 , 0.9 0.4, 0.9 

Parameters controlling the shape of the plastic potential surface, 
𝜶𝒈, 𝝁𝒈 0.4 , 0.9 0.4, 0.9 

Strength parameters, 𝑴𝒇, 𝑴𝒈 0.5 0.5 

Characteristic pressure, 𝒑𝒄 (kPa) 500 50 

Fully saturated compressibility coefficient, 𝝀(𝟎) 0.2 0.3 

Elastic compressibility coefficient, 𝜿 0.06 0.07 

Maximum soil stiffness parameter, 𝒓 0.61 0.9 

Soil stiffness increase parameter, 𝜷 (1/kPa) 0.00007 0.00004 

Elastic compressibility coefficient for changes in suction, 𝜿𝒔 
(kPa) 

0.02 0.05 

Poisson ratio, 𝝂 0.4 0.4 

Plastic compressibility coefficient for changes in suction, 𝝀𝒔 0.5 0.5 

Air-entry value of suction, 𝒔𝒂𝒊𝒓 (kPa) 1000 1000 

Yield value of equivalent suction, 𝒔𝟎 (kPa) 106 106 
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Cohesion increase parameter, k  
Constant or 𝑺𝒓 

Sr Sr 

Atmospheric pressure, 𝒑𝒂𝒕𝒎 (kPa) 101.3 101.3 

Minimum bulk modulus, 𝑲𝒎𝒊𝒏 1000.0 1000.0 

Hvorslev surface switch, 𝒀𝑺𝑺 0 0 

Microstructural compressibility parameter, 𝜿𝒎 0.1 0.18 

Void factor, 𝑽𝑭 0.3 0.4 

Coefficients for the micro swelling function, 𝒄𝒔𝟏, 𝒄𝒔𝟐, 𝒄𝒔𝟑 -0.1, 1.1, 2.0 -0.1, 1.1, 2.0 

Coefficients for the micro compression function, 𝒄𝒄𝟏, 𝒄𝒄𝟐, 𝒄𝒄𝟑 -0.1, 1.1, 2.0 -0.1, 1.1, 2.0 

 
Figures 7.3 and 7.4 report the results of the analyses of tests O1, O2 and O3 carried out with 
Calibration #1 and Calibration #2 from Table 7.3, respectively. The numerical predictions, 
shown as solid lines, are compared to the measurements, shown as open circles. The overall 
match is considered satisfying, hence the proposed calibrations are accepted. However, it is 
noted that Calibration #1 seems to work better than Calibration #2. The importance of 
undertaking the experimental investigation of the isotropic and microstructural behaviour of 
compacted FEBEX bentonite is emphasised here, as knowing this would strengthen the 
reliability of the calibrated material parameters. 

 
Figure 7.3: Results of the analysis of the oedometer tests on FEBEX bentonite, calibration ⋕1. 
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Figure 7.4: Results of the analysis of the oedometer tests on FEBEX bentonite, calibration ⋕2. 

 
Hydraulic characterisation 
The permeability and the retention properties of compacted FEBEX bentonite are now defined. 
The former is assumed to be a function of suction, according to the model (Potts & Zdravkovic, 
1999; Nyambao & Potts, 2010) previously used for MX-80 bentonite in Chapters 3 and 6. The 
saturated permeability of FEBEX bentonite is estimated at 3 ∙ 10yz5 m s⁄  (FEBEX, 2017). 
Different variabilities with suction are then considered, as summarised in Table 7.4, in order to 
investigate the effect of this aspect of modelling on the material response. Each of the three 
sets of parameters in Table 7.4 prescribe a value of the minimum attainable permeability, 𝑘V|}, 
and a suction range (𝑠z to 𝑠�) within which the permeability changes from its minimum to its 
maximum, saturated, value. Permeability #1 parameters coincide with the permeability model 
assumed for the compacted MX-80 bentonite, and were estimated from Marcial et al. (2008) 
data. Permeability #2 and Permeability #3 represent variants of Permeability #1. 
   

Table 7.4: Permeability parameters for the permeability model employed for the FEBEX bentonite. 

Parameter Perm. #1 Perm. #2 Perm. #3 

Minimum permeability, 𝒌𝒎𝒊𝒏 [𝒎 𝒔⁄ ] 2 ∙ 10yz� 6 ∙ 10yz� 1 ∙ 10yz� 

Suction, 𝒑𝟏 [kPa] 1000 1000 1000 

Suction, 𝒑𝟐 [kPa] 20000 10000 15000 

 
A Van Genuchten non-linear, non-hysteretic soil water retention curve (SWRC; Van 
Genuchten, 1980) is employed for FEBEX bentonite. The curve is fitted using the experimental 
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data from Villar (2005) and FEBEX (2017), as shown in Figure 7.5. The list of parameters for 
the SWRC is given in Table 7.5. 

 

Figure 7.5: Calibration of the retention curve of compacted FEBEX bentonite. 

Table 7.5: Hydraulic parameters for the retention curve of compacted FEBEX bentonite. 

Parameter Value 

Air entry suction, 𝒔𝒂𝒊𝒓 [kPa] 1000 

Fitting parameter, 𝜶 0.00002 

Fitting parameter, 𝒏 1.7 

Fitting parameter, 𝒎 0.4 

Suction at which Ω becomes zero, 𝒔𝛀 [kPa] 105 

Residual degree of saturation, 𝑺𝒓𝟎 0 

Suction in the long term, 𝒔𝟎 [kPa] 105 

 
Thermal characterisation 
In terms of thermal properties, the thermal conductivity is assumed to be isotropic, constant 
and equal to 0.55 ∙ 10y5 kW mK⁄ , while the specific heat capacity is 870	 J kg℃⁄  (FEBEX, 
2017). The value of conductivity has been chosen considering the very dry state of the bentonite 
at the beginning of the FEBEX in-situ experiment. 
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7.3.2 Granitic host rock 
 
Mechanical characterisation 
The host rock is characterised using a Mohr-Coulomb model. From a mechanical standpoint, 
the material is assumed to have a purely cohesive behaviour, therefore its angle of shearing 
resistance is set to 𝜙C = 0° and its cohesion is set to a large value (𝑐C = 10	MPa). 
 
Hydraulic characterisation 
The permeability of the rock is assumed to be isotropic, constant and equal to 10yz� m s⁄  
(FEBEX, 2017). In terms of the retention behaviour, the data collected and elaborated by 
Pintado & Lloret (1997) and Finsterle & Pruess (1995) is shown in Figure 7.6. The large range 
of the degree of saturation over a very limited suction interval should be noted. This implies 
that any numerical retention curve fitting this data would yield a very steep gradient. 
Consequently, the host rock would saturate and desaturate almost instantaneously, which could 
potentially cause numerical issues in a boundary value problem. For this reason and in absence 
of further experimental evidence of the retention properties of the material, the host rock is 
assumed to be saturated at all times. This is achieved by imposing a large air entry value of 
suction (𝑠�|, = 150 MPa). From a physical point of view this seems reasonable, as the portion 
of the rock that de-saturates due to the presence of the FEBEX drift is expected to be very 
limited, given the small diameter of the drift and the large depth at which it is located. 

 
Figure 7.6: Data about the retention properties of the granitic rock. 

 

Thermal characterisation 
The thermal conductivity is assumed to be isotropic, constant and equal to 3.2 ∙ 10y5 kW mK⁄ , 
while the specific heat capacity is equal to 920	 J kg℃⁄  (FEBEX, 2017). 
 



249 
 

7.3.3 Other materials 
 
Finally, the canister, which is made of steel, and the concrete plug have been assumed to be 
thermally inactive and non-consolidating. Their Young‘s modulus is set to a large value (𝐸 =
2 ∙ 10� MPa) to simulate rigidity and their Poisson‘s ratio is equal to 0.25. 
 
 
7.4 NUMERICAL ANALYSES 
Two approaches were adopted in this thesis to tackle the modelling of the FEBEX in-situ test. 
Firstly, a general transverse section was analysed under plane strain conditions. This included 
the heater, the buffer and also the host rock. Secondly, a three-dimensional (3D) analysis was 
employed. The computational cost of the simulations ranges greatly going from the transverse 
section to the 3D model. Hence, the smaller 2D analyses were employed for preliminary studies 
before the final 3D analysis. 
 
Before undertaking the 3D analysis, the option of an axi-symmetric simulation (i.e. axis of 
symmetry coinciding with the axis of the drift) was taken into consideration. However, this 
was discarded due to the fact that gravity had to be disregarded in this analysis because of the 
axi-symmetry. In effect, the gravity vector would have been orthogonal to the axis of the drift 
and, therefore, it would not have been compliant with the assumed axi-symmetric simulation. 
It was verified that neglecting gravity affected significantly the outcome of the simulation, 
particularly the flow of water within the mesh.  
 
The numerical investigation of the FEBEX in-situ test is a thermo-hydro-mechanical (THM) 
problem, because the long-term state of the buffer is determined by its simultaneous interaction 
with the groundwater present in the host formation and the heat coming from the heaters. 
Schematically, this is summarised in Figure 7.7. All analyses are carried out using the global 
THM formulation reported in Cui (2015) and Cui et al. (2017) and implemented in ICFEP.  

 
Figure 7.7: Conceptual scheme for the analysis of the FEBEX in-situ experiment. 
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7.4.1    2D plane-strain transverse cross section analyses 
7.4.1.1 Domain, mesh and boundary conditions 
 
A transverse cross-section of the FEBEX drift is chosen as the domain for the first numerical 
approach to the FEBEX in-situ test. Two sub-groups of analyses were performed: 
 
A. analyses of the heater-buffer-rock transverse section 
2D THM analyses of the transverse section, including the heater, the buffer and the rock. Plane-
strain conditions in the direction of the axis of the drift are assumed. Thanks to symmetry, the 
considered geometry coincides with half of the problem, as depicted in Figure 7.8(a). The 
objective of the simulations is to provide a first estimate of the portion of the host rock that is 
influenced by the presence of the experiment. In order to obtain this, the spatial distributions 
of pore water pressure and temperature are monitored during the simulations. In particular, 
section AB marked in Figure 7.8(b) is examined. Studying section AB, which is approximately 
10 m wide, allows a close-up view of the part of the rock in the immediate vicinity of the buffer 
and indicates the rate of temperature and pore pressure change in the host rock.  

 
In order to minimise the boundary effects the analyses investigate up to 50 metres away from 
the centre of the heater. The finite element mesh employed comprises 1086 8-noded, quadratic 
elements and is depicted in Figure 7.8(b). A temperature degree of freedom is placed at every 
node of the element, while a pore water pressure degree of freedom is placed at the corner 
nodes of the element. This applies to all THM analyses presented in this chapter. 
 
In terms of boundary conditions, the mechanical restraints active throughout the simulation are 
indicated in Figure 7.8(b). No change in pore water pressure and temperature (∆𝑠 = ∆𝑇 = 0) 
is imposed on the outer boundary of the mesh. Consequently, the advancement of the water 
front throughout the buffer, from the outer ring towards the inner ring, and the simultaneous 
heat flux, which is heading in the opposite direction, are reproduced. The simulation is 
articulated in the phases detailed in Table 7.6 and represents Stage 1A of the FEBEX in-situ 
experiment. 
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(a) (b) 

Figure 7.8: Type-A analysis of the FEBEX experiment: (a) Geometry and (b) finite element mesh with 
the mechanical boundary conditions. 

 
Table 7.6: Phases of the FEBEX transverse section type-A analysis. 

 Duration Description Action 
Initial 

conditions - All mesh is rock - 

Set up and 
installation 

24 days Excavation of the buffer and 
heater regions 

Excavation of buffer and heater 
(i.e. removal of the elements and 
the stresses they provided in the 

adjacent rock) 

42 days Construction of buffer and heater 

Construction of lower buffer 
Construction of heater 

Construction of upper buffer 

Stage 1 
60 days Temperature increase 

Thermal gradient of  
∆𝑇 = 0.721℃ per increment (for a 
total of 122 increments) applied in 

the heater  
1740 
days Stage 1 operation Imposed temperature 𝑇 = 100℃ in 

the heater 
 

B. analyses of the heater-buffer transverse section 
2D THM analyses of the transverse section including only the heater and the buffer were 
performed. As before, plane-strain conditions are assumed. With the omission of the host rock 
from the domain the finite element mesh is refined in the area of the buffer, which is now 
studied in more detail compared to the type-A analyses. As shown in Figure 7.9, 286 8-noded 
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quadratic finite elements are utilised. The objective is to produce predictions of the evolutions 
of temperature, relative humidity and swelling pressure inside the buffer. In order to assess the 
quality of these numerical results, they are compared to the measurements that are available 
for sections that comprise one of the two heaters. 
 
The type B analyses do not reproduce the excavation phase of the FEBEX experiment. The 
mechanical boundary conditions for Stage 1A simulation are depicted in Figure 7.9. In terms 
of hydraulic boundary conditions, a gradual reduction of suction is imposed on the rock-side 
boundary of the buffer. The rate of this reduction, which is estimated from the results of the 
type A analyses described above, is as follows: ∆𝑠 = 0.6MPa in the first 60 increments (each 
lasting 1 day), ∆𝑠 = 0.6MPa for the subsequent 120 increments (each lasting 4 days) and, for 
the reminder of the hydration (i.e. 305 increments of 4 days each), the suction is maintained at 
zero. In terms of thermal boundary condition, a fixed temperature of 38℃ is imposed on the 
rock-side boundary of the buffer. This value is also chosen based on the results of the type A 
analyses. The additional boundary conditions are listed in Table 7.7. 
 

 
Figure 7.9: Mesh with the mechanical boundary conditions of the type-B analysis of the FEBEX in-

situ experiment. 
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Table 7.7: Phases of the FEBEX transverse section type-B analysis. 
 Duration Description Action 

Initial conditions - Mesh is part heater, part buffer - 

Stage 1 

60 days Temperature increase 

Thermal gradient of  
∆𝑇 = 1.46℃ per 

increment (for a total 
of 60 increments) 

applied in the heater 

1700 days Stage 1 operation 
Imposed temperature 
𝑇 = 100℃ in the 

heater 
 
7.4.1.2  Results 
7.4.1.2.1 Type-A analyses (heater-buffer-rock transverse section) 
 
The results of the analysis of the heater-buffer-rock transverse section carried out using 
Calibration #1 and Permeability #1 are reported hereafter. The predicted distributions of 
suction and temperature along section AB in the 𝑥-coordinate direction, depicted in Figure 
7.8(b), are presented in Figure 7.10 at several time steps during the test Stage 1A. 
 
The graph of suction evolution across the buffer is shown in Figure 7.10(a). A line at 0 days 
corresponds to the initial state when the rock is the only material in the mesh, with a 
compressive pore water pressure of -4.5 MPa (as ICFEP’s sign convention, which is tension 
+ve, is adopted for the pore water pressure and suction). At 65 days, after the rock is excavated 
and replaced with the heater and buffer materials, the initial value of suction across the buffer 
is 120 MPa, while it is always 0 across the first 0.45 m representing the heater. The initial value 
of suction in the buffer then decreases steadily, due to the progressive wetting from the interface 
with the host rock. Nevertheless, by the end of Stage 1A, the inner part of the buffer appears to 
be still largely unsaturated, with about 70 MPa of suction remaining in the buffer. On the other 
hand, the alteration of the pore pressure in the host rock seems very limited. The initial value 
of -4.5 MPa remains substantially unaltered at distances above 4 to 5 m from the centre of the 
heater.  
 
In terms of temperature, Figure 7.10(b) shows a faster stabilisation in the buffer compared to 
suction. The temperature distribution in the buffer hardly changes from 400 days onwards, 
while the host rock continues heating up slowly throughout stage 1A. The spatial extent of the 
temperature changes in the host formation is larger for temperature than it is for suction. It can 
be noted that the temperature of the rock has risen from the initial value, 10℃, even at a distance 
of 10 m from the centre of the heater. Nevertheless, it remains stable below 20℃ from 8 m 
away from the centre of the heater. The temperature at the buffer-rock boundary is around 38℃ 
on average. 
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(a) (b) 

Figure 7.10: Results of the type-A analysis in terms of distributions of: (a) suction and (b) 
temperature along section AB. 

 
The comparison with measured data is shown in Figures 7.11 and 7.12. The evolution of 
relative humidity in time is presented in Figure 7.11, where the numerical output, shown with 
solid lines, is compared to the measurements from sensors located in section F2 (see Figure 
7.2) represented with open circles. This section is located in mid-length of the heater and hence 
suitable for plane-strain comparison. In particular, relative humidity in the outer ring of 
bentonite blocks (sensor F2_06) and in the middle ring (sensor F2_02) is shown. The 
numerically computed values of relative humidity are calculated using the following 
relationship (Fredlund & Rahardjo, 1993): 

   (7.1) 

where 𝑠 is suction and 𝑇 is temperature, which are both computed from the ICFEP numerical 
model, 𝑤� = 18.016	 kg kmol⁄  is the molecular mass of water vapour, 𝑅 =
8.31432 J (mol	K)⁄  is the universal gas constant and 𝜌� = 998 kg m5⁄  is the density of water. 
Figure 7.11 shows that the predicted relative humidity is generally underestimated, which 
implies that the predicted advancement of the water front through the clay is slower than what 
the sensors have registered. In particular the sensor in the outer ring indicates about 95% RH 
being reached after the first 1.5 years, whereas the model shows a steady increase of RH over 
the test duration. Nevertheless, the patterns of numerical predictions agree well with 
measurements at both sensor points. 
 
The evolution of temperature in Figure 7.12 compares the numerical output to the 
measurements in section D2 (see Figure 7.2), for sensors D2_10 (outer ring), D2_02 middle 
ring) and D2_03 (inner ring). Section D2 was chosen for the comparison as it was the only 
instrumented section that enclosed the heater where at least a sensor per ring of blocks 
functioned throughout the experiment. It should be however noted that it is not strictly in plane-

v

w

w s
R TRH e r

×
-

× ×=



255 
 

strain conditions, as it is located at the end of a heater. The numerical predictions agree very 
well with the corresponding measurements, with the inner sensor showing the highest 
temperature (at ~100� C) as it is closest to the heater and the outer sensor being the lowest (at 
~30� − 40� C) as it is the closest to the host rock. 

 
Figure 7.11: Results of the type-A analysis in terms of the evolution of relative humidity compared to 

the measurements from section F2. 

 
Figure 7.12: Results of the type-A analysis in terms of the evolution of temperature compared to the 

measurements from section D2. 
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Influence of the permeability modelling in the buffer 
The analysis of the heater-buffer-rock transverse section is repeated using the different sets of 
permeability parameters given in Table 7.4. Figures 7.13(a) and 7.13(b) report the distributions 
of suction along section AB using Permeability #2 and #3 parameters. Their comparison with 
Figure 7.10(a) shows three significantly different evolutions of suction over time. Among the 
results, Figure 7.13(a) presents the fastest decrease in suction, which is consistent with the 
Permeability #2 model having the highest	𝑘V|}. In this case the suction in the entire buffer has 
reduced to below 30 MPa by the end of 5 years of the experiment.  On the other hand, Figure 
7.13(b) reports the slowest decrease in suction, which is consistent with the Permeability #3 
model having the lowest value of 𝑘V|}. The variation of permeability in the numerical model 
clearly has a significant impact on the evolution of suction and relative humidity in the buffer. 
The influence of the selected permeability parameters on the distribution of temperature is very 
limited, therefore the figures have been omitted for brevity.  

  
(a) (b) 

Figure 7.13: Distributions of suction along section AB from the A-type analysis run employing (a) 
permeability ⋕2 and (b) permeability ⋕3 for the buffer material. 

In a similar manner, Figures 7.14(a) and 7.14(b) report the evolution of relative humidity in 
time using Permeability #2 and #3 model parameters, respectively. The numerical output is 
compared to the measurements from the same sensors as in the original Permeability #1 
analysis. The Permeability #2 model parameters in Figure 7.14(a) improve the prediction of 
RH evolution at both sensors, whereas the Permeability #3 parameters slightly worsen the 
prediction in Figure 7.14(b), compared to the original analysis.  
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(a) 

 
(b) 

Figure 7.14: Evolution of the relative humidity from the A-type analysis run employing: (a) 
permeability ⋕2 and (b) permeability ⋕3, for the buffer material. 

 
Influence of the calibration of the IC DSM for the buffer material 
The analysis of the heater-buffer-rock transverse section is repeated using the Calibration #2 
set of the mechanical IC DSM model parameters for the FEBEX bentonite, given in Table 7.3. 
The original Permeability #1 model parameters are employed for this analysis, which aims to 
explore the effect of the micro-structural parameters and isotropic compressibility on the 
results. 
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As before, the predicted distributions of suction and temperature along section AB (indicated 
in Figure 7.8b) are shown in Figure 7.15. Comparing the results with Figure 7.10 it can be 
noted that the suction distribution is influenced by the calibration, with Calibration #2 inducing 
a slightly more rapid decrease of suction within the buffer, compared to Calibration #1. 
Meanwhile the temperature distribution remains largely unaltered. Overall, Figure 7.15 
confirms that the temperature and suction of the rock remain unaltered beyond 10 m distance 
from the centre of the heater. 

  
(a) (b) 

Figure 7.15: Distributions of (a) suction and (b) temperature along section AB from the type-A 
analysis run employing Calibration ⋕2. 

The predicted evolutions of relative humidity and temperature at the same sensor locations as 
in the above analyses are presented in Figures 7.16 and 7.17, respectively. A comparison with 
Figures 7.11 and 7.12 shows that the Calibration #2 parameter set has only a marginal effect 
on the predicted RH and temperature evolutions.   
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Figure 7.16: Evolution of the relative humidity from the A-type analysis run employing calibration ⋕2 

for the buffer material. 

 
Figure 7.17: Evolution of temperature from the A-type analysis run employing calibration ⋕2 for the 

buffer material. 
 

7.4.1.2.2 Type-B analyses (heater-buffer transverse section) 
 
The results of the analysis of the heater-buffer transverse section, which does not simulate the 
heater and buffer construction as specified in Table 7.7, are reported hereafter. The FEBEX 
bentonite is modelled using both Calibration #1 and Calibration #2 parameters from Table 7.3, 
for the mechanical model IC DSM, while the permeability is simulated with the Permeability 
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#1 model parameters from Table 7.4. The influence of the IC DSM calibration is thus further 
investigated, on the predictions of RH, temperature and stress evolution within the buffer. 
 
Figure 7.18 depicts the measured and predicted evolution of relative humidity (RH) with time, 
the latter computed employing Calibration #1 and #2 IC DSM parameters. The measured data 
are from the same sensors in Section F2, shown in the type-A analyses above. The two 
simulations produce results that differ only in the middle ring of the buffer. In particular, 
Calibration #2 induces a faster advancement of the water front within the material and that is 
likely to be caused by the larger 𝜅: value. 

 
(a) 
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(b) 

Figure 7.18: Evolution of the relative humidity from the B-type analysis run employing (a) 
Calibration ⋕1 and (b) Calibration ⋕2 for the buffer material. 

Figure 7.19 shows the evolution of the swelling pressure with time computed employing the 
two IC DSM parameter sets. The predictions are compared to the measurements from pressure 
sensors located in section F2. The match between the numerical results and the field data is 
very good, particularly in the case of Calibration #1 (Figure 7.19a). Both simulations manage 
to successfully reproduce the design value of swelling pressure, which is 5	MPa (FEBEX, 
2017). However, two different evolutions of the swelling pressure are observed. Calibration #2 
exhibits a much reduced gradient of the swelling pressure rise between approximately 500 and 
1500 days. This could be explained partly by the saturation of the micro-structure, as 
Calibration #2 micro-structural parameters 𝑉𝐹 and 𝜅V indicate a stronger reliance on the 
micro-structure with respect to Calibration #1. Equally, the different post-yielding 
compressibility parameters are also likely to contribute to this behaviour. 
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(a) 

 
(b) 

Figure 7.19: Evolution of the swelling pressure from the B-type analysis run employing (a) 
Calibration ⋕1 and (b) Calibration ⋕2 for the buffer material. 

The evolution of temperature over time computed employing Calibration #1 and Calibration 
#2 is reported in Figure 7.20, showing only a marginal difference between the two predictions 
in the middle ring. 
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(a) 

 
(b) 

Figure 7.20: Evolution of the temperature from the B-type analysis run employing Calibration (a) ⋕1 
and (b) ⋕2 for the buffer material. 

 
7.4.1.3 Discussion 
 
The aim of the type-A analyses was to estimate the region of the host rock that would be 
significantly affected by the presence of the FEBEX in-situ test. The results offer a clear 
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indication that the host formation remains largely unaltered beyond about 10 m distance from 
the centre of the FEBEX drift. Among the observed and predicted spatial distributions of 
suction and temperature along the horizontal section AB, it is the latter that presents the largest 
impact of the experiment. In effect, 10 metres away from the drift the temperature in the rock 
has reached approximately 18℃ from an initial value of 10℃. Meanwhile, suction has 
remained close to its initial value assumed for the material. The extent of the host rock affected 
by the FEBEX in-situ test was also investigated employing different parameters of permeability 
variation with suction in the buffer material, as this property is the least known. In all of the 
cases considered it was shown that any alterations in the host rock ceased within the first 10 m 
distance from the FEBEX experiment. On the other hand, the advancement of the water front 
within the buffer was found to be strongly dependent on its permeability. The alteration in the 
host rock remained limited to 10 m when using two alternative sets of model parameters for 
the mechanical IC DSM constitutive model of the buffer material. These were considered in 
light of some uncertainties in the calibration of the IC DSM, in particular in relation to the 
micro-structure. 
 
The type-B analyses studied the transverse cross section comprising only the heater and the 
buffer in the domain. The aim was to produce a first assessment of the quality of the match 
between the numerical predictions and the measurements captured by the sensors during the 
experiment in terms of relative humidity, temperature and swelling pressure. From the 
observation of the results a generally good agreement was found. Comparing the results 
obtained using the two proposed calibrations for the mechanical IC DSM model, it was noted 
that the stress predictions were significantly different. While both remained in good agreement 
with the measurements, the stresses calculated with Calibration #2 showed a reduced rate of 
increase in the swelling pressure that was not captured by Calibration #1. This could be due to 
the different microstructural and post-yield compressibility parameters employed. In terms of 
the evolution of relative humidity, the impact of the IC DSM calibration was found to be 
limited, though Calibration #2 seemed to slightly speed up the advancement of the water front 
in the buffer. Finally, the evolution of temperature was unaffected by the change in model 
parameters. This is reasonable, because the constitutive framework is purely hydro-mechanical 
and the temperature is only included in the global equations. 
 
Finally, a type-B analysis was carried out using the IC SSM mechanical model described in 
Chapter 3. The aim was to assess the improvements in the numerical predictions, namely of 
the swelling pressure, that are obtained by taking into account the double porosity structure of 
compacted clays. Figure 7.21 presents the evolution of the swelling pressure obtained using 
Calibration #2 for both the IC DSM (solid line) and the IC SSM (dashed line), without the 
micro-structural parameters for the latter. It can be noted that the IC DSM nearly doubles the 
magnitude of the stress predicted by the IC SSM, hence providing a much more accurate 
estimate of the stress level in the buffer material during the course of the experiment. The 
aforementioned lower stress gradient between 500 and 1500 days of the experiment is also 
captured by the IC SSM, hence strengthening the hypothesis that it was caused by the choice 
of compressibility parameters in Calibration #2, rather than the difference in the micro-
mechanical parameters. 
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Figure 7.21: Evolution of the swelling pressure from the B-type analysis run employing the IC SSM as 

well as the IC DSM. 
 
7.4.2 Full 3D analysis 
7.4.2.1 Domain, mesh and boundary conditions 
 
The chosen 3D domain is presented in Figure 7.22. It includes the drift, ending with the 
concrete plug, and the surrounding host rock, both behind the drift face and around the drift 
walls. A projection onto the x-z plane of the part of the domain corresponding to the drift is 
shown in Figure 7.23, for Stage 1 and 2 of the test. Five regions have been defined within the 
buffer as this will be useful for the description of the boundary conditions that is reported 
subsequently. Due to the significant computational cost of the simulation and to the axi-
symmetry of the experiment (FEBEX, 2017), it was decided to study only a quarter of the full 
geometry. The dimension of the domain, namely the extension of the rock to be included in the 
analysis, was chosen after the preliminary, 2D analyses of the drift’s transverse section. The 
mesh in Figure 7.22 employs 15282 20-noded hexahedral elements. There are 11 elements 
across the bentonite in sections of the drift where the heater is also present (where the thickness 
of the bentonite is 1.14m-0.45m=0.69m) and 16 where sections comprise bentonite only (where 
the thickness of the bentonite is 1.14m). 
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(a) 

 
(b) 

Figure 7.22: (a) Overview of the mesh of the 3D analysis of the FEBEX in-situ experiment and (b) 
detail of the drift. 
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(a) 

 
(b) 

Figure 7.23: Projection onto the x-y plane of the FEBEX drift during (a) Stage 1 and (b) Stage 2. 
 

Throughout the analysis, the mechanical boundary conditions impose zero radial displacements 
on the cylindrical external surface of the mesh, zero axial displacements on the front and rear 
surfaces, zero vertical displacements on the base of the mesh and zero horizontal displacements 
on the vertical symmetry plane. In terms of hydraulic boundary conditions, the rock is assumed 
to be an infinite source of water, hence no change in pore water pressure is imposed on the rear 
and the cylindrical outer surface of the mesh. Equally, from a thermal standpoint, no change in 
temperature is imposed on these boundaries. The remaining boundaries are assumed to have 
no hydraulic flow or temperature flux across them. The simulation reproduces the course of 
the experiment, from the installation to the entire operation of Stage 2. With reference to the 
regions indicated in Figure 7.23, the phases are articulated as indicated in Table 7.8. It is 
specified that the start of the heating coincides with “Stage 1: temperature increase”. 
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Table 7.8: Phases of the 3D analysis of the full FEBEX experiment. 

 Duration Description Action 
Initial conditions - All mesh is rock - 

Set up and installation 

24 days 
Excavation of the FEBEX drift 
(all excavated parts are rock at 

this stage) 

Excavation 1st plug and 
bento #1 

Excavation bento #2 and 
heater #1 

Excavation bento #3 and 
#4 and heater #2 

Excavation bento #5 

42 days 
Construction of buffer, heaters 

and plug 

Construction of bento #5 
Construction of bento #4 
Construction of heater #2 
Construction of bento #3 
Construction of bento #2 
Construction of heater #1 
Construction of bento #1 
Construction of 1st  plug 

Stage 1A 
60 days Temperature increase 

Thermal gradient of ∆𝑇 =
17.6℃ per increment (for 
a total of 5 increments) in 

the heaters  
1700 
days 

Stage 1 operation Imposed temperature 𝑇 =
100℃ in both heaters 

1st dismantling operations 

30 days Heater 1 switched off 

Thermal gradient of ∆𝑇 =
−37.5℃ per increment 

(for a total of 2 
increments) in heater #1 

81 days 
Excavation for first 

dismantling 

Excavation of 1st  plug 
Excavation of bento #1 
Excavation of heater #1 

Excavation of part of 
bento #2 

16 days 
Construction of dummy 
canister and new plug 

Construction of the 
dummy canister 

Construction of the 2nd 
plug 

Stage 2 4300 
days Stage 2 operation 

Heater #2 is still 
functioning with an 

imposed temperature of 
𝑇 = 100℃ 
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7.4.2.2 Results 
7.4.2.2.1 Comparison to field measurements 
 
The results of the 3D analysis of the FEBEX in-situ experiment are reported hereafter. Firstly, 
the predicted evolutions of relative humidity, temperature and stress in selected sections 
indicated in Figure 7.23 are compared to the measurements from the sensors, in order to 
validate the simulation. The FEBEX bentonite is modelled using Calibration #1 constitutive 
model parameters and its variable permeability is modelled with the Permeability #1 properties. 
 
Relative humidity 
Figure 7.24 presents the evolution of relative humidity in section E1, located at the side of 
HEATER 1 close to the concrete plug. The numerical predictions, shown with solid lines, are 
compared to the available measurements, shown as open circles. As expected, the outer ring 
reaches the highest relative humidity, which then decreases towards the heater. The numerical 
predictions show a very good agreement with the measurements in the outer and middle rings. 
On the other hand, the relative humidity measured in the inner ring seems to be significantly 
lower than the model prediction. In effect, the measurements indicate that this part of the buffer 
in the close proximity of the heat source has undergone drying that the model has not been able 
to capture. Observing the measurements from other sections shown subsequently, there is no 
sign of drying anywhere else in the buffer. It is possible that the drying was caused by a 
localised condition unaccounted for in the analysis. The graphs depicted in Figure 7.24 are 
interrupted at around t=1800 days, when section E1 is excavated as part of the first dismantling 
operations. 

 
Figure 7.24: Comparison of numerical predictions and measurements of the relative humidity in 

section E1. 

Figure 7.25 presents the evolution of relative humidity in section E2 located at the side of 
HEATER2 closer to the end of the tunnel. The measurements from the sensors are generally 
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well reproduced in the analysis, although the middle ring sensor seems to have malfunctioned 
after 500 days, while the outer ring sensor indicates that the buffer has locally saturated after 
only 1000 days from the start of the test. During the course of the experiment many sensors 
have malfunctioned, which is the main reason why the amount of information for Stage 2 of 
the FEBEX in-situ test is generally smaller than for Stage 1. 

 

 
Figure 7.25: Comparison of numerical predictions and measurements of the relative humidity in 

section E2. 

Figure 7.26 presents the evolution of relative humidity in section F2, in the middle of HEATER 
2. The measurements from the outer and middle ring of the buffer are reasonably well 
approximated, although the data are available for only about 2000 days (5.5 years) of testing.  
However, the relative humidity in the inner ring is overestimated, although these measurements 
have been recorded only half-way through the experiment. The results from the 2D cross-
sectional plane-strain analyses (type-B) originally shown in Figure 7.18(a), are also added in 
Figure 7.26 for comparison. It can be noted that the 3D simulation predicts an initially faster 
increase of relative humidity than the 2D analysis, but the overall saturation is much slower 
compared to the 2D analysis.  
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Figure 7.26: Comparison of numerical predictions and measurements of the relative humidity in 

section F2. The prediction of the B-type analysis is also reported here. 

 
Figure 7.27 presents the evolution of relative humidity in section H, which is located in between 
the two heaters. The numerical predictions approximate well the measurements both in the 
middle and in the inner ring of the buffer, although the measurements are limited to about 2000 
days from the start of the experiment. 

 
Figure 7.27: Comparison of numerical predictions and measurements of the relative humidity in 

section H. 
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Swelling pressure 
Figure 7.28 shows the evolution of the swelling pressure in section B2, located in the buffer 
near the end of the drift. All stress measurements were taken from sensors located in the outer 
circle of bentonite blocks in order to monitor the pressure exerted by the buffer on the walls of 
the drift. It is understood from FEBEX (2017) that the measured stress is tangential.  It should 
be noted that the value of this pressure is fundamental for the effectiveness of the seal to prevent 
the nuclear waste from polluting the surroundings. A good agreement can be seen between 
measurements and predictions, with the latter slightly exceeding the design value of 5 MPa 
prescribed for the swelling pressure in the FEBEX experiment.  However, measurements of 
the total vertical stress 𝜎� (sensor B2_03) are unavailable for the last 1000 days of the test, 
while 𝜎� measurements (sensor B2_05) ceased after about 1500 days, hence the final measured 
values of stresses in this section are unknown.  

 
Figure 7.28: Comparison of numerical predictions and measurements of the swelling pressure in 

section B2. 
 
Figure 7.29 presents the evolution of the swelling pressure in section E2, located near the end 
of HEATER 2. Within the 3000 days of the available measurements, the vertical stress (sensor 
E2_03) is well reproduced by the analysis, while the horizontal stress (sensor E2_01) is 
underestimated. Maximum stresses similar to those in Figure 7.28 are predicted at the end of 
the experiment.  



273 
 

 
Figure 7.29: Comparison of numerical predictions and measurements of the swelling pressure in 

section E2. 
 
Figure 7.30 presents the evolution of the swelling pressure in section F1, in the middle of 
HEATER 1. As in the previous sections, the vertical stress (sensor F1_02) is well reproduced 
by the analysis, while the horizontal stress (sensor F1_01) is underestimated. The data depicted 
in Figure 7.30 cease to exist after the dismantling of HEATER 1. 

 
Figure 7.30: Comparison of numerical predictions and measurements of the swelling pressure in 

section F1. 
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Figure 7.31 shows the evolution of the swelling pressure in section F2, in the middle of 
HEATER 2. Consistent with previous sections, the vertical stress (sensor F2_02) is well 
reproduced by the analysis in the first 2000 days, while the horizontal stress (sensor F2_01) is 
underestimated throughout. However it is interesting to note that the measured stress is 
significantly above the design value of 5 MPa. According to FEBEX (2017) this threshold was 
set in order to avoid damaging the host rock, therefore F2 indicates a potentially dangerous 
situation. The results from the 2D cross-sectional plane-strain type-B analyses originally shown 
in Figure 7.19(a), are also added for comparison. It is noted that the 3D simulation predicts a 
slower build-up of the swelling pressure, due to the slower predicted wetting of the buffer.  

 
Figure 7.31: Comparison of numerical predictions and measurements of the swelling pressure in 

section F2. The prediction of the B-type analysis is also reported here. 
 
Temperature 
Figure 7.32 presents the evolution of temperature in section D2, located at the end of HEATER 
2. Overall, the predictions match the measurements very well, although sensor D2_03 in the 
inner ring of the buffer indicates a gradual decrease of temperature after the first 1000 days. It 
is not clear why this should be the case for the buffer ring closest to the heater and it is 
unfortunate that temperature recordings ceased after 2000 days. 
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Figure 7.32: Comparison of numerical predictions and measurements of temperature in section D2. 

 
Figure 7.33 presents the evolution of temperature in sections G and I which are located in 
between the two heaters. There is a good overall agreement between the measurements and the 
predictions, capturing very accurately a drop in temperature after the first dismantling. Section 
G indicates an average residual temperature of 30� C from the 4 sensors, with the temperature 
drop varying from about 20� C in the outer ring to 50� C in the inner ring. Section I, on the 
other hand, has experienced about a 5� C temperature drop in all rings, as a consequence of 
dismantling HEATER 1.  

 
(a) 
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(b) 

Figure 7.33: Comparison of numerical predictions and measurements of temperature in section (a) G 
and (b) I. 

 
7.4.2.2.2 Transverse and longitudinal sections including host rock 
 
The spatial distributions of suction, temperature, horizontal transverse stress (i.e. 𝜎�� in the x-
direction), vertical stress (i.e. 𝜎� in the y-direction) and horizontal longitudinal stress (i.e. 𝜎�� 
in the z-direction) along selected longitudinal and transverse sections of the FEBEX drift and 
the surrounding host rock are studied. Three longitudinal sections, deemed LL, L’L’ and 
L’’L’’, and three transverse cross sections, deemed CC, C’C’ and C’’C’’, which are presented 
in Figure 7.23 are considered. These sections lie in the x-z plane (i.e. 𝑦	 = 	0). The spatial 
distributions are reported at different times in the analysis, as indicated in Table 7.9. 
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Table 7.9: Selected times for the spatial distributions. 

Time 
(days) Phase 

0 Initial condition (entire domain is host rock) 
54 Set up and installation (construction of heater #1) 
 

460 
Stage 1 operation 920 

1440 
1860 First dismantling operations (temperature decrease in heater #1) 
2310 

Stage 2 operation 
3310 
4310 
5310 
6310 

 
Longitudinal sections 
Figures 7.34 to 7.38 depict changes in suction, temperature, vertical stress, 𝜎�, and the two 
horizontal stresses, transverse, 𝜎��, and longitudinal, 𝜎��, along the LL section. The results in 
the region of the concrete plug, which is assumed to be non-consolidating and thermally 
inactive, have been omitted in some pictures for clarity. This longitudinal section is very close 
to the longitudinal z-axis of the drift, therefore crossing the concrete plug, the buffer, both 
heaters and the host rock. The suction in Figure 7.34 is predicted to gradually decrease in the 
buffer from the initial 120 MPa, while it is set to zero in the heaters and the concrete plug, 
which are both modelled as non-consolidating materials. It can be noted that the suction in the 
buffer along this cross-section has not reached zero at the end of the experiment, with some 5 
MPa remaining. The change in suction in the buffer BENTO#1 (as defined in Figure 7.23) 
ceases after the first dismantling at 5 years from the start of the test. The predicted temperature 
in Figure 7.35 reaches 100℃ in the heaters, as imposed by the thermal boundary conditions. In 
the buffer it ranges from 100℃ to 18℃ in BENTO #1 and BENTO #5, while it settles at around 
80℃ in BENTO #3. Once HEATER #1 is switched off after 1860 days, there is a very slight 
decrease in temperature that affects the entire length of section LL with the exception of the 
remaining heater. The predicted stresses, depicted in Figures 7.36, 7.37 and 7.38, increase 
monotonically throughout the course of the analysis. It is only after first dismantling that some 
stress is released in the proximity of the new concrete plug. At the end of the test, the horizontal 
and the axial stress are very close to 5 MPa in the entire drift. The vertical stress stabilises at 
about 4 MPa in BENTO #3 and it increase to up to 6 MPa in BENTO #5. The study of section 
LL seems to confirm the results of the type-A analyses in terms of the area of influence of the 
FEBEX experiment. In fact, at the left-hand side edge of section LL temperature, suction and 
the stresses have all almost returned to their respective initial values assigned to the rock. 
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Figure 7.34: Distribution of suction along the longitudinal section LL. 

 
Figure 7.35: Distribution of temperature along the longitudinal section LL. 
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Figure 7.36: Distribution of total horizontal transverse stress along the longitudinal section LL. 

 

 
Figure 7.37: Distribution of total vertical stress along the longitudinal section LL. 
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Figure 7.38: Distribution of total horizontal longitudinal stress along the longitudinal section LL. 

 
Figures 7.39 to 7.43 depict the suction, temperature, horizontal stress, vertical stress and axial 
stress along the L’L’ section. This longitudinal section crosses the entire length of the buffer 
within the drift, in the close vicinity of the heater boundaries. Suction predictions in Figure 
7.39 are shown to be decreasing across the entire length of the drift. Interestingly, the buffer 
material soaks faster in the full sections where the heaters are not present. Compared to section 
LL, the predicted temperature in Figure 7.40 is generally lower. It reaches almost 90℃ in 
BENTO #2 and BENTO #4 and 60℃ in BENTO #3, and then decreases towards the concrete 
plug and the end of the drift. The transverse and longitudinal horizontal total stresses in Figures 
7.41 and 7.43 are similar to those along section LL (Figures 7.36 and 7.38). The predicted 
vertical stress in Figure 7.42 is almost uniformly equal to 6 MPa. In terms of the host rock, 
temperature and longitudinal stress seem to be affected on a larger region than suction and the 
horizontal and vertical stress. Nevertheless, the domain remains largely unaltered at a distance 
of 10 metres from the end of the drift. 
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Figure 7.39: Distribution of suction along the longitudinal section L’L’. 

 
Figure 7.40: Distribution of temperature along the longitudinal section L’L’. 
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Figure 7.41: Distribution of total horizontal transverse stress along the longitudinal section L’L’. 

 
Figure 7.42: Distribution of total vertical stress along the longitudinal section L’L’. 
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Figure 7.43: Distribution of total horizontal longitudinal stress along the longitudinal section L’L’. 

Figures 7.44 to 7.48 depict the suction, temperature, vertical stress and the two horizontal 
stresses along the L’’L’’ section, which is closest to the buffer-rock boundary. As such, since 
the host formation supplies water to the buffer material, the predicted suction along L’’L’’ has 
almost reached zero everywhere along this section by the end of the experiment. In terms of 
temperature the equilibrium between buffer and host rock is reached below 40℃ in BENTO 
#2 and BENTO #4, while it is sensibly lower elsewhere. The transverse (Figure 7.46) and 
longitudinal (Figure 7.48) horizontal stresses stabilise uniformly on the value of 5 MPa at the 
end of the test, while the vertical stress is slightly above 4 MPa. 
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Figure 7.44: Distribution of suction along the longitudinal section L’’L’’. 

 
Figure 7.45: Distribution of temperature along the longitudinal section L’’L’’. 
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Figure 7.46: Distribution of total horizontal transverse stress along the longitudinal section L’’L’’. 

 
Figure 7.47: Distribution of total vertical stress along the longitudinal section L’’L’’. 
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Figure 7.48: Distribution of total horizontal longitudinal stress along the longitudinal section L’’L’’. 

 
Transverse sections 
Figure 7.49 depicts the predicted evolution of suction, temperature, vertical stress and the two 
horizontal stresses along the CC transverse section which crosses HEATER#1. In particular, 
the changes are plotted along the 𝑥-coordinate direction from the centre of the experiment.  The 
temperature and suction graphs can be also indicatively compared to Figure 7.10, which shows 
results from 2D plane strain type-A analysis presented in Section 7.4.1.2.1.  
 
The 3D predictions in section CC are shown at instances covering the whole duration of the 
FEBEX experiment (~18 years), although the experiment was dismantled in this section after 
5 years (1860 days). As a new plug was then constructed in this location, it is not meaningful 
to show any changes in temperature or stresses across the drift, hence they are presented only 
in the host rock. The patterns of changes of all parameters are similar to those predicted in the 
longitudinal sections shown above, although the transverse section predicts a slightly larger 
zone of influence in the host rock, in particular for changes induced by temperature and 
horizontal stresses (both 𝜎�� and 𝜎��). As shown in the 2D analysis in Figure 7.10, temperature 
affects a larger part of the host rock than suction.  
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(a) (b) 

  
(c) (d) 
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(e) 

Figure 7.49: Distributions of (a) suction, (b) temperature, (c) transverse horizontal stress, (d) vertical 
stress and (e) longitudinal horizontal stress along the transverse cross section CC. 

Figures 7.50 depicts suction, temperature, vertical stress and the two horizontal stresses  along 
the C’C’ transverse section, which crosses HEATER#2. The patterns of changes of all 
parameters are similar to those shown in section CC and in the longitudinal sections. The two 
horizontal stresses, 𝜎�� and 𝜎��, have mobilised similar values across the buffer of around 5 
MPa, while the vertical stress, 𝜎�, is higher.  

  
(a) (b) 
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(c) (d) 

  

 
(e) 

Figure 7.50: Distributions of (a) suction, (b) temperature, (c) transverse horizontal stress, (d) vertical 
stress and (e) longitudinal horizontal stress along the transverse cross section C’C’. 

Finally, Figure 7.51 depicts the predicted suction, temperature, vertical stress and the two 
horizontal stresses along the C’’C’’ transverse section, which crosses only the buffer at the end 
of the drift. The main difference shown here compared to other sections is the evolution of 
temperature. The predictions indicate that the buffer at the end of the drift, approximately 2m 
away from HEATER#2, raises up to just under 20� C. 
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(a) (b) 

  
(c) (d) 
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(e) 

Figure 7.51: Distributions of (a) suction, (b) temperature, (c) transverse horizontal stress, (d) vertical 
stress and (e) longitudinal horizontal stress along the transverse cross section C’’C’’. 

 
7.4.2.2.3 3D distributions in the FEBEX drift 
 
Selected snapshots of three-dimensional distributions of suction, temperature, vertical stress 
and the two horizontal stresses are shown as contour plots in this section.  
 
Temperature 
Figure 7.52(a) shows the distribution of temperature in the FEBEX drift after 5 months from 
the moment the heaters are first switched on. The spatial distribution of temperature reaches a 
quasi-equilibrium quickly. Subsequent to the first months of testing, only small changes of 
temperature take place in the buffer material and in the rock, with the general picture remaining 
the same. Consequently, further plots are avoided for brevity. Figure 7.52(b) presents the 
distribution of temperature after the first dismantling has been completed and Stage 2 has 
begun. Having switched off HEATER #1, the bentonite positioned between the HEATER #2 
that is still functioning and the new concrete plug cools off slightly. Also visible in Figure 
7.52(b) is the dummy canister which is now thermally-inactive and, therefore, its temperature 
is fixed at 12℃. 
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(a) 

 
(b) 

Figure 7.52: Distribution of temperature in the FEBEX drift (a) after 5 months from the start of the 
test, (b) after the first dismantling. Values indicated in ℃. 

 
Figure 7.53 reports the distribution of temperature in sections B2 and F2 at the end of Stage 2 
of the experiment. It can be noted that the predicted temperature field is axi-symmetric. 

 
 

 
(a)  (b) 

Figure 7.53: Distribution of temperature in the FEBEX drift in (a) section B2, (b) section F2 at the 
end of Stage 2 of the experiment. Values indicated in ℃. 

 
Suction 
Figure 7.54(a) presents the distribution of suction in the FEBEX drift at the end of Stage 1, just 
before the first dismantling. It can be noted that the buffer material has fully saturated only at 
the interface with the host rock, whereas it maintains a high suction in the rest of the drift. 
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Unsurprisingly, the driest areas within the buffer, characterised by the highest value of suction 
are always in the proximity of the heaters. Figure 7.54(b) presents the distribution of suction in 
the FEBEX drift at the end of Stage 2, when the buffer has fully saturated almost everywhere.  
 

 

 

(a) 

 
(b) 

Figure 7.54: Distribution of suction in the FEBEX drift (a) at the end of Stage 1, (b) at the end of 
Stage 2. Values indicated in kPa. 

Figure 7.55 reports the distribution of suction in sections F2, B2 and F1 at the end of Stage 1 
and Stage 2 of the experiment. As for the temperature, the predicted suction field is axi-
symmetric or almost uniform, as in the case of section B2 at the end of the experiment (Figure 
7.55d). 

   

(a)  (b) 
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(c)  (d) 

 
(e) 

Figure 7.55: Distribution of suction in the FEBEX drift in (a) section F2 at the end of Stage 1, (b) 
section F2 at the end of Stage 2, (c) section B2 at the end of Stage 1, (d) section B2 at the end of Stage 

2, (e) section F1 at the end of Stage 1. Values indicated in kPa. 
 
Stress 
Figure 7.56 presents the distribution of the vertical stress and the two horizontal stresses in the 
FEBEX drift at the end of Stage 2. Between the end of the drift and HEATER#2 all three 
stresses in the buffer material reach almost 7 MPa. However, this only takes place in the 
proximity of the longitudinal 𝑧-axis of the drift while the stress at the buffer-rock boundary 
stabilises at around 5 MPa. This is in agreement with the results in the longitudinal and 
transverse sections shown earlier.  
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(a) 

 
(b) 

 
(c) 

Figure 7.56: Distribution of (a) horizontal transverse stress, (b) vertical stress and (c) horizontal 
longitudinal stress in the FEBEX drift at the end of Stage 2. Values indicated in kPa. 

 
Figures 7.57 and 7.58 report the distribution of the stresses in sections B2 and F2 at the end of 
Stage 2 of the experiment. Section B2 seems to be characterised by three stress fields that are 
fairly axi-symmetric. On the other hand, section F2 presents a less geometrically defined 
distribution of predicted stresses. In particular, the lower part of the buffer in the section is 
characterised by a higher stress level in all three directions. For example, in the case of the 
vertical stress (Figure 7.58c), a difference of around 2MPa is measured in points located at the 
same radial distance from the centre of the drift. This difference could be due to the stress state 
in the rock, which is characterised by the horizontal stresses being larger than the vertical stress, 
and to the presence of the heater. In fact, since the layer of bentonite is thinner in section F2 
(0.69m) than in section B2 (1.14m), the stresses in section F2 would be affected to a greater 
degree by the host rock. 
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(a)  (b) 

 
(c) 

Figure 7.57: Distribution of (a) horizontal transverse, (b) horizontal longitudinal and (c) vertical 
stress in the FEBEX drift in section B2 at the end of Stage 2 of the experiment. Values indicated in 

kPa. 
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(a)  (b) 

 
(c) 

Figure 7.58: Distribution of (a) horizontal transverse, (b) horizontal longitudinal and (c) vertical 
stress in the FEBEX drift in section F2 at the end of Stage 2 of the experiment. Values indicated in 

kPa. 

 
 
7.5 DISCUSSION 
 
The FEBEX in-situ experiment was numerically investigated in this chapter and where possible 
comparisons were made with the available measurements. Several analyses of increasing 
complexity and computational cost were carried out. First, a transverse cross section was 
examined. It comprised the drift, in which the heater-containing canister was surrounded by 
the buffer material, as well as the host rock. These simulations, deemed type-A analyses, served 
a dual purpose. They allowed for a first estimate of the extent of the host formation influenced 
by the FEBEX in-situ test and, on the other hand, they showed the impact of both the 
permeability modelling and the calibration assumed for the buffer material. In particular, three 
different permeability model parameters and two sets of mechanical parameters were 
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considered for the FEBEX bentonite buffer. Based on the spatial distributions of temperature 
and suction calculated in the analyses, an area extending up to 10 metres away from the drift 
was found to be the region where the host formation was most affected by the experiment. This 
remained true for all considered permeabilities and calibrations. However, it was shown that 
the variability of the permeability of the FEBEX bentonite influenced greatly the advancement 
of the water front within the buffer. As a consequence of this, it is clear than an experimental 
investigation of permeability variation with suction would be helpful. Based on current 
evidence, only the saturated permeability of the bentonite is documented in FEBEX (2017) and 
ENRESA (2000). On the other hand, the influence of the calibration of the IC DSM on the 
evolution of the THM status of the buffer was found to be less impacting than that of 
permeability.  
 
The type-B analyses studied the transverse cross section of the FEBEX drift without including 
the host rock in the finite element domain. The scope was to further investigate the THM 
evolution of the buffer material and, in particular, to estimate the swelling pressures that 
develop due to the wetting. The comparison of the numerical outcome of type-B analyses and 
the measurements available from the sensors showed overall agreement in terms of 
temperature, relative humidity and swelling pressure. The latter was shown to be significantly 
influenced by the mechanical characterisation of the buffer material. The two proposed sets of 
parameters for the IC DSM yielded similar stress levels at the end of Stage 1A, however the 
evolution over time was quite different. This result reiterates the importance of the calibration 
of the constitutive model. In the case of FEBEX bentonite there were some uncertainties that 
depended not only on the intrinsic complexity of the IC DSM, which have been discussed in 
previous chapters, but also on the lack of data from isotropic cell testing. An additional 
simulation was carried out employing the IC SSM and it was found that the stresses were 
significantly under-predicted. This confirmed what was already reported in Chapters 5 and 6, 
on the significant impact of the micro-structure on the overall behaviour of the material. 
 
The possibility to model a complex geotechnical problem, such as the FEBEX in-situ test, with 
a 2D axi-symmetric analysis is, in principle, very convenient in terms of computational cost. 
However, further development has to be put in place in order to allow full representation of the 
gravity vector in such a simulation. For this thesis, it was decided to steer the efforts towards a 
3D analysis. Its computational cost was significant, however the numerical results showed a 
very good overall agreement with a variety of sensors installed in several sections of the 
FEBEX drift. Temperature, relative humidity and the stresses in the x, y and z direction were 
examined and all the main experimental trends were satisfactorily captured. Nevertheless, there 
was a slight underestimation of the horizontal transverse stress and an overestimation of the 
relative humidity in the proximity of the heaters during the course of Stage 2. The sensors 
indicated that the buffer material around the heaters was drying, however such phenomenon 
was not properly reproduced in the analysis. This could be due to the presence of localised 
increases in the heating power of the heater, but also due to the hydro-mechanical nature of the 
IC DSM. During Stage 2 the stress level in the buffer exceeded 5 MPa in between the end of 
the drift and HEATER#2. Such situations should be explored by modelling a longer time period 
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in order to ensure that in the long term the host rock will not be overstressed and therefore 
damaged. 
 
The host rock was characterised by employing a much simpler constitutive model than the 
buffer material. It was assumed to be a homogeneous and infinite source of water, hence no 
major fractures were taken into account, in agreement with what is reported by FEBEX (2017). 
Despite being outside of the scope of this thesis, it is believed that a more detailed modelling 
of the host rock might offer some additional insights into the operation of a deep geological 
repository. Therefore, it might be an interesting subject of research to pursue in parallel to the 
on-going investigations of the bentonite buffers. 
 
Temperature is currently not included in the formulation of the constitutive model IC DSM 
used to represent the behaviour of FEBEX bentonite. It was therefore not possible to accurately 
assess the impact of temperature on the mechanical behaviour of the buffer material and 
therefore on the numerical predictions reported in this chapter. As the main focus of the 
investigation was one of the hydro-mechanical evolution of the buffer, and as the numerical 
predictions demonstrated a reasonably good agreement with various measurements, including 
those of the temperature, it was decided not to undertake the extension of the IC DSM model, 
to account for thermal coupling, during the course of this thesis.  
 
 
7.6 SUMMARY AND CONCLUSIONS 
 
The large-scale GDF mock-up test, the FEBEX in-situ experiment, has been analysed with the 
finite element code ICFEP. Both two- and three-dimensional analyses were performed with the 
primary objective of assessing the performance of the numerical tools currently at disposal for 
the study of unsaturated THM problems. The re-saturation of the buffer and the extent of the 
influence of the experiment on the host formation were the main points of interest that were 
investigated. The following conclusions can be drawn from the numerical study that was 
conducted: 
 

• the 2D plane-strain analysis of the transverse cross-section, including the host rock 
surrounding the drift, has indicated the extent to which the FEBEX experiment alters 
the initial state in the host formation. Such a perturbation, however, seems to be limited 
to the first ten metres radial distance from the drift. Temperature tends to vary over a 
larger area with respect to suction;  

• the most impacted area in the host formation is still limited to a radius of 10 metres 
even when different variations of permeability are assumed for the buffer material; 

• permeability modelling is very important for the evolution of the buffer material, as it 
can significantly affect the advancement of the water front within the buffer. Further 
experimental investigations would be valuable to define its variation with suction in a 
compacted bentonite; 

• the 2D plane-strain analysis of the transverse cross-section, not including the host rock 
surrounding the drift, has yielded stress predictions that were in overall agreement with 
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the measurements gathered by the sensors. The evolution of stress over time was 
dependent on the mechanical characterisation of the FEBEX bentonite and there were 
some uncertainties in the calibration that were mostly due to the lack of available data 
on the isotropic behaviour of the material; 

• through a comparison with the single structure IC SSM model the importance of 
including the double porosity structure in the constitutive framework was 
demonstrated; 

• the 3D analysis of the FEBEX experiment produced results that were in overall good 
agreement with the data collected by the array of sensors installed in the drift for 
temperature, relative humidity and stress. This outcome improves the confidence in the 
available numerical tools in ICFEP for the analysis of complex GDF scenarios; 

• observing a total of six longitudinal and transverse sections of the FEBEX drift and the 
surrounding host rock it was shown that the perturbation in the latter was indeed limited 
for the most part to the first ten meters, as indicated by the transverse cross-section 
analyses; 

• at the end of the test the buffer material is not fully saturated everywhere in the drift, 
however the predicted evolution of the relative humidity is overestimated in some 
regions located in the proximity of heater #2. Local drying of the bentonite is indicated 
by the sensors in a single location, but was not correctly reproduced in the simulation. 
This could be due to the hydro-mechanical nature of the constitutive model IC DSM, 
however the study of the thermal behaviour of expansive clays was outside of the scope 
of this thesis; 

• the predicted stress level in the buffer material reaches peaks of 7 MPa in the proximity 
of the end of the drift, which is higher than the design value of 5 MPa.  
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 CHAPTER 8:  CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 
 
 
8.1 INTRODUCTION 
The aims of the research presented in this thesis were, firstly, to develop a constitutive model 
for compacted clays that is suitable for employment in nuclear waste disposal applications and, 
secondly, to apply the new model in a comprehensive numerical investigation of the behaviour 
of these materials upon wetting, supported by comparison of numerical predictions against 
available experimental evidence. 
 
Consistent with these aims, the thesis can be subdivided into two main parts. The first part 
consists of the development of the Imperial College Double Structure Model (IC DSM). This 
framework accounts for the double porosity structure to describe the hydro-mechanical coupled 
behaviour of expansive compacted unsaturated clays. The formulation of the model was 
preceded by a review of the most important experimental and numerical findings on the subject. 
These are discussed in Section 8.2. The main features of the IC DSM are summarised in Section 
8.3. 
 
The second part of the thesis comprises the application of the IC DSM as the constitutive model 
for compacted bentonite clays in two types of problems. Firstly, the swelling behaviour upon 
wetting is studied through the simulation of a variety of laboratory tests. Subsequently, the 
numerical investigation of a large-scale repository mock-up test, the FEBEX in-situ 
experiment, was tackled. This allowed the assessment of the performance of the IC DSM in 
the context of a nuclear waste disposal application, where the swelling behaviour of the 
compacted clay is the by-product of complex interactions. The main conclusions drawn from 
the numerical analyses are presented in Section 8.4 
 
Finally, suggestions for further development of the constitutive model and suggestions for 
further experimental investigation on expansive clays are presented in the last section of this 
chapter.  
 
8.2 BEHAVIOUR OF EXPANSIVE CLAYS 
Most experimental and numerical works on unsaturated clays that can be found in the literature 
usually involve moderately expansive clays. It was only when nuclear waste disposal 
applications became a topical subject that the interest in highly expansive clays increased 
significantly. It was shown that these materials possessed the characteristics to be employed as 
buffers to secure the radioactive waste from contaminating the biosphere. In effect, they exhibit 
a strong swelling behaviour upon wetting, they have a very high density and a very low 
permeability.  
 
Chapter 2 has gathered a number of studies aimed at characterising the hydro-mechanical 
behaviour of unsaturated highly expansive compacted clays. From an experimental point of 
view, there is general agreement on the description of the fabric of compacted clays. The so-
called double porosity structure, i.e. the presence of two levels of structure, termed macro-
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structure and micro-structure, is well-documented by a plethora of micro-structural 
investigations. However, there are a number of issues that are still up for debate. At the base 
of these uncertainties lie the physico-chemical phenomena that take place at the micro-
structural scale. In particular, the interaction between clay minerals and water, which is 
fundamental for the swelling behaviour, remains to be fully understood as the inter-molecular 
forces in play have not yet been properly quantified. 
 
The numerical frameworks for expansive clays that can be found in the literature have dealt 
with the incomplete knowledge on the micro-structure in different ways. Several examples 
have been discussed in Chapter 2. The Barcelona Expansive Model (BExM) introduced a 
microstructural strain contribution to the overall behaviour of the material, while employing 
the Barcelona basic Model (BBM) to describe the behaviour of the macro-structure. The Masin 
(2013) model introduced a definition of effective stress in unsaturated conditions, while the 
Choo et al. (2016) model developed a thermodynamically consistent theoretical framework for 
the hydro-mechanical modelling of unsaturated flow in a double-porosity media. Finally, 
Dieudonne et al. (2017) proposed to account for the double porosity structure in the retention 
properties rather than in the mechanical constitutive model. 
 
The approach chosen in this thesis for the development of a new constitutive model is 
somewhat similar to that of the BExM. In effect, it was decided to integrate the work of 
Georgiadis (2003) and Tsiampousi (2011), who formulated the Imperial College Single 
Structure Model (IC SSM), a BBM-type framework that was proven to work well for 
moderately expansive clays, in a new model for expansive clays. The reason for this is the 
intention to develop further the numerical framework for unsaturated soils developed in recent 
years at the Geotechnics Section of Imperial College London and in the bespoke software 
ICFEP. 
 
 
8.3 A GENERALISED CONSTITUTIVE MODEL FOR UNSATURATED, 

EXPANSIVE CLAYS 
The hydro-mechanical behaviour of highly expansive clays is different from that of moderately 
expansive clays. The IC DSM is an elastoplastic model that was developed for highly expansive 
clays during this research and presented in this thesis. The model assumes two levels of 
structure, i.e. the macro-structure and the micro-structure. The overall response of the material 
comprises both micro-structural and macrostructural contributions. Hydraulic equilibrium 
between the macro- and the micro-structure is assumed, which implies that a unique suction is 
employed in the model. Only the macro-structure can saturate or desaturate, as the micro-
structure is assumed to be saturated at all times. 
 
The IC DSM presented in this thesis has the following advantages compared to most existing 
double structure models: 
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• the evolution of the fabric of the material upon external loading is characterised through 
the void factor, VF, which quantifies the interplay between the micro- and the macro-
structure; 

 
• the total elastic strains predicted by the model are the sum of two contributions, one 

micro-structural and one macrostructural, where each is weighted by the void factor, in 
order to account for the influence of the fabric; 
 

• the material is assumed to evolve irreversibly upon the first saturation. In particular, the 
double structure collapses into a single structure, according to the experimental findings 
on high-density compacted bentonite. 
 

Additionally, the IC DSM inherited the advantages of the IC SSM with respect to other single 
structure constitutive models, which are: 
 

• a versatile expression for the yield and plastic potential surfaces, that allows the 
reproduction of some of the most common shapes; 
 

• the possibility to introduce a non-linear Hvorslev surface on the dry side of critical 
state in the 𝑝 − 𝐽 plane. 

 
Other features of the IC DSM include: 
 

• the formulation is generalised in the  𝐽 − 𝑝 − 𝜃 − 𝑠&' stress space, where 𝐽, 𝑝 and 𝜃 are 
the three invariants of the equivalent stress tensor and 𝑠&' is the equivalent suction. At 
fully saturated conditions the stresses are effective stresses and 𝑠&' = 0 MPa. In the 
case of the macro-structure, the transition from fully saturated to unsaturated conditions 
(and vice versa) takes place when the value of suction, s, becomes equal to the air entry 
value,	𝑠./0; 
 

• the macro-structure is modelled using the Loading-Collapse (LC) yield surface concept, 
as first adopted in the BBM (Alonso et al. (1990)) and reprised by Georgiadis (2003) 
in the IC SSM. A secondary macro-structural yield surface, the Suction-Increase (SI) 
yield surface that was originally adopted in the BBM, is assumed. The SI defines the 
limiting equivalent suction beyond which plastic strains take place. However, the SI is 
assumed to be inactive in all the analyses presented in this thesis (meaning that the 
suction at which it is reached is set to a high value); 
 

• the micro-structure is assumed to produce macrostructural volumetric plastic strains 
due to the existence of an interaction mechanism, termed the 𝛽 mechanism. This 
constitutes the micro-structural plastic mechanism, which allows the model to predict 
an overall plastic behaviour even when the stress state is below the macro-structural 
yield surface. The 𝛽 mechanism is formulated using generalised plasticity; 
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• the micro-structure is characterised by three model parameters: the elastic 

compressibility parameter, 𝜅3, the interaction functions, 𝑓5, and the void factor, 𝑉𝐹. 
The void factor could be extrapolated from MIP data. However this type of 
investigation is not yet widespread and further collaboration between modellers and 
experimentalist is needed to establish a suitable and reliable method. 𝜅3 and 𝑓5 are 
difficult to calibrate at present and further experimental studies of the micro-structure 
should be carried out in order to better define their physical meaning; 
 

• the macro-structure and the micro-structure are coupled through the macro-structural 
hardening laws. 

 
The IC DSM requires a large number of parameters in order to be employed in finite element 
analyses. To calibrate the model it is necessary to draw information from isotropic, oedometric, 
triaxial and microstructural studies.  
 
The IC DSM was implemented into ICFEP and validated through a series of finite element 
analyses. A variety of stress paths was simulated in order to highlight some important features 
of the model, such as the ability to reproduce the dependence of swelling on strain, on applied 
stress and on dry density, the irreversible strains upon wetting/drying cycles and the stress path 
dependency whilst transitioning from an unsaturated to a saturated state and vice versa. The 
performance of the IC DSM was also assessed through comparisons between finite element 
predictions and experimental data from a boundary value problem. It was demonstrated that 
the introduction of a double porosity structure in the framework resulted in a significant 
improvement in the predictions with respect to single structure models such as the IC SSM. 
 
 
8.4 OVERVIEW OF THE MODELLING OF UNSATURATED EXPANSIVE CLAYS IN 

ICFEP 
The swelling behaviour of expansive clays was studied at increasingly larger and more complex 
scales. Firstly, a series of swelling pressure laboratory tests was analysed through hydro-
mechanical finite element analyses. The following general conclusions can be drawn:  
 

• the final state of the samples undergoing confined hydration is found not to be fully 
homogenised, as it would appear that the process of homogenisation takes a longer 
period of time than was allocated for the studied experiments. This demonstrates that 
when the swelling pressure developed in the material becomes approximately constant 
over time, it does not imply that the clay has fully homogenised; 
 

• the predicted state of the specimen after confined wetting depends on the calibration of 
the IC DSM and, in particular, on the “weight” assigned to the micro-structure through 
the calibration of the micro-structural parameters. It was shown that, in some cases, that 
the observed redistributions within the specimen of the void ratio or the water content 
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were only captured when the micro-structure impacted significantly on the overall 
behaviour of the material (at the expense of the macro-structure);  

 
• the predicted swelling pressures are generally isotropic, in the sense that the material 

develops the same level of stress in the axial and in the radial direction. However, it is 
unclear if the material has an isotropic behaviour or not. In fact, some pieces of 
information about the sample preparation process that takes place prior to testing, which 
could potentially justify a preferential direction for the development of the stress, are 
missing. 

 
Overall, the performance of the IC DSM showed the model’s ability to capture the main 
features of behaviour of compacted clays. Therefore, the numerical investigation continued 
with the study of a deep geological repository. In particular, the FEBEX in-situ experiment was 
analysed.  The IC DSM was employed as the constitutive model of the buffer material. The 
complex nature of the problem imposed the use of a fully-coupled THM global formulation. 
From the study of the FEBEX test, the following general conclusions can be drawn: 
 

• the buffer does not fully saturate even after almost twenty years of operation and it is 
therefore unclear how long the full saturation process takes; 
 

• the predicted numerical process of re-saturation of the buffer is faster than what the 
sensors seem to describe. However, this is only true in the proximity of the heaters. 
Therefore, it is possible that the numerical analysis underestimates the drying in the 
buffer that is caused by the presence of a strong source of heat. Overall, the influence 
of temperature is difficult to grasp in the simulations performed in this thesis, because 
the  constitutive model IC DSM is purely hydro-mechanical at present; 
 

• the swelling pressure developed in the long-term by the buffer material at the boundary 
with the host formation is around 5 MPa. Such a value is considered suitable to secure 
the waste-containing canister and, at the same time, to avoid any structural damage to 
the host formation; 

 
• the most impacted area in the host formation is limited to a radius of 10 meters. This 

remains true even when assuming a slightly different variation of permeability for the 
buffer material; 

 
• the preliminary 2D plane strain analyses were generally in agreement with the final 3D 

simulation. This suggests that it is reasonable to study a complex problem, such as a 
deep geological repository, using a two-dimensional approach. 

 
In light of these conclusions, it would appear that there is a consistency between the behaviour 
of compacted clays at the laboratory scale and at the large scale. In particular, the following 
features have emerged at both scales: 
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• when wetting from a very dry initial state (i.e. several tens of MPa of suction), the 
swelling pressure developed in the clay is of the order of several MPa. Its value is 
influenced by the initial dry density of the material. However, from a numerical 
standpoint, other factors are also important. The calibration of the constitutive model, 
the IC DSM, is especially relevant and, in particular, the values assumed for the elastic 
compressibility coefficients of the two levels of structure have a strong impact on the 
predicted swelling pressure; 
 

• the homogenisation process requires a long period of time and it was not achieved in 
any of the experiments studied in this thesis. 

 
 
8.5 RECOMMENDATIONS FOR FURTHER RESEARCH 
8.5.1 Constitutive modelling 
 
The further development of a constitutive model for expansive soils must be accompanied by 
advancements in the knowledge of the double porosity structure. While some suggested topics 
for experimental research are described in the next section, some improvements to the 
numerical predictions obtained using the IC DSM could be achieved by enhancing the current 
formulation in the following ways: 
 

• the evolution of the material after the first full saturation should be further specified. 
While there is general agreement on the findings that the double porosity structure 
collapses into a single porosity structure, it is still unclear how this new homogeneous 
fabric is related to the previous levels of structure. Improving this aspect would enable 
better numerical post-saturation predictions; 
 

• all micro-structural parameters should be tasked with representing a feature of the 
micro-structure that has a physical meaning. In particular, the interaction functions 
should be partly redefined in order to mitigate their arbitrary nature. This would allow 
the increase in the reliability of the calibration process of the model and, consequently, 
result in more trust-worthy predictions; 
 

• the constitutive framework, which is currently hydro-mechanically coupled, should be 
extended in order to include temperature in the constitutive equations. This would give 
a better ability to tackle complex thermo-hydro-mechanical problems. 

 
In the field of nuclear waste disposal, apart from compacted expansive clays, there are a number 
of emerging topics for numerical research that are of great interest. Among all the possible 
subjects, the following is particularly in line with the work carried out in this thesis: 
 

• some engineered barrier system comprise the use of pellet-based buffers. In some cases 
the pellets replace the compacted clay, in others both pellets and compacted clays 
constitute the buffer. Material response of pellet-based buffers is quite different from 
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that of compacted buffers, because of the peculiar discontinuous porosity present. 
Therefore, a constitutive framework should be developed to capture these features of 
behaviour; 

 
8.5.2 Experimental investigation 
 
Several aspects of the behaviour of expansive clays still remain unclear. The main uncertainty 
regards the micro-structure and, in particular, how the clay minerals interact with the water 
molecules in order to trigger the swelling of the material. This problem is intrinsically 
multidisciplinary, however its outcome could help redefine the role of the micro-structure in 
the context of a hydro-mechanical constitutive model. Important insights could be obtained by 
extensively employing the available microstructural investigation methods, such as MIP, SEM 
and ESEM. Nevertheless, this should involve a collaborative effort between experimentalists 
and modellers in order to maximise the understanding of the repercussions of the micro-
structure on the overall behaviour of the material. 
 
As anticipated in the previous sub-section, a great improvement in the modelling capabilities 
could also derive from the refinement of the calibration process of the constitutive model. This 
could be achieved if more data on unsaturated compacted clays were available. In the case of 
a complex model such as the IC DSM, pieces of information from different types of tests are 
necessary to carry out a comprehensive calibration. However, based on the experience gained 
while working on this thesis, triaxial tests and isotropic tests are particularly scarce in the 
literature. This affects the calibration process significantly. In fact, triaxial tests are crucial to 
estimate the shape of the yield surface, meanwhile isotropic tests allow the quantification of 
the model parameters that define the variability with suction of the plastic compressibility, 𝜆. 
 
Finally, the numerical predictions yielded by a numerical study benefit from the amount of 
information that accompanies the description of the experiment in question. The more 
comprehensive is the knowledge, the easier it is to adopt the most appropriate modelling 
choices. It is particularly important to document every phase of a test, from the preparation of 
the sample to the post-mortem measurements. Furthermore, based on the numerical analyses 
carried out in this thesis, it is beneficial to detail the following aspects: 
 

• suction should be continuously measured throughout an experiment, as this would give 
an important indication concerning the most suitable hydraulic boundary conditions to 
adopt. Significant efforts in experimental research should be directed towards this goal; 
 

• the running time of every phase of every experiment should always be stated, otherwise 
it would remain an unknown in the simulation and it would require an arbitrary 
assumption from the modeller; 

 
• measurements at intermediate stages of a test would help verify the quality of the 

numerical predictions, because the effect of a specific external load (for example, 
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wetting at constant volume) on the fabric of the compacted sample would be 
quantifiable by comparison with the initial state.  
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APPENDIX I 

Replacing Equation (5.24) in Equation (5.13) the following is obtained: 

   

Therefore, comparing the expression above with Equation (3.13), it can be concluded: 

   

   

   

where 𝑑𝑒𝑛, 𝑎%& , 𝑏%& , 𝑐%& , 𝑎), 𝑏), 𝑐) are expressed in Equations  (5.25) to (5.31). 
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APPENDIX II 

 

 

 

 



320 
 

 

 

 

 

 



321 
 

 

 

 

 



322 
 

 

 

 

 

 



323 
 

 

 

 

 

 



324 
 

 

 

 

 

 



325 
 

 

 

 

 



326 
 

 

 

 

 



327 
 

 

 

 

 

 



328 
 

 

 

 

 



329 
 

 

 

 

 

 



330 
 

 

 

 

 



331 
 

 

 

 

 

 



332 
 

 

 

 

 

 

 


