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EXTENDED ABSTRACT 

Soft rocks have been the subject of several research works in the past thirty years. 

Their origin is due to a number of geological processes, such as lithification or 

weathering, but, in general, their mechanical behaviour can be described by constitutive 

laws accounting for the initial void ratio, the stress history and the degree of structure. 

Soft rocks often characterise the underground deposits of populated areas, and the 

engineering design of geotechnical infrastructure interacting with them is either overly 

optimistic, when they are erroneously considered as competent rocks, or too 

conservative, if their behaviour is assumed similar to that of a soil. 

The investigation of the soft rocks macro-behaviour through both standard and 

dedicated laboratory tests has become more and more important and has triggered the 

interest towards the formulation of constitutive models specifically dedicated to them. 

However, in some cases, the analysis of the macro-structural features of a soft rock 

has been combined with the analysis of changes occurring at the micro-scale, 

highlighting many similarities between soft rocks and natural clays, and therefore, 

opening for the possibility to explore the applicability of constitutive models formulated 

for structured clays to the case of soft rocks. 

In this research, two soft rocks have been taken into consideration, since they have 

been both studied at the micro- and macro-scale: a soft calcareous mudstone from 

Abu Dhabi and a soft rock extracted at Mrieħel, in Malta. Their behaviour has been also 

compared to that of other well-studied soft rocks, as Corinth marl and Chalk. In 

particular, the Maltese soft rocks have been characterised both in terms of intrinsic and 

natural behaviour, giving a robust and rich experimental base for the determination of 

the model parameters values. 

Firstly, a motivation for the choice of the constitutive law, to model the soft rocks 

behaviour considered in this study, is given. Both rocks are characterised by bonding 

and cementation that progressively degrade with the applied load already at rather small 

strains. This indicates the necessity of adopting a constitutive model that accounts for 
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at least two surfaces, i.e. a small elastic nucleus and a larger surface representing the 

locus of gross yield points. Plastic behaviour occurs when the current stress lies on 

the small surface, i.e. already within the outer surface. 

In order to model the inelastic behaviour of the material upon stress reversal, the yield 

surface should move inside the outer surface according to a kinematic hardening rule. 

Additionally, void ratio and stress history induce an evolution of the state boundary 

surface described through an isotropic hardening rule, as seen in the case of the 

reconstituted materials and as described by the Cam-Clay models. 

In some cases, an additional surface may be added to characterise the behaviour of 

the reconstituted material, which the natural destructured one tends to. 

These features are common to many multi-surface constitutive models with mixed 

kinematic and isotropic hardening rules and destructuration, proposed mainly for 

natural clays rather than soft rocks. Constitutive models for soft rocks are often 

characterised by a single large surface representing the effect of structure, within which 

the behaviour is purely elastic. 

The constitutive model chosen for simulating the behaviour of both soft rocks presented 

in this research is the RMW model, by Rouainia and Muir Wood (2000). 

The model is characterised by twelve parameters. Only some of them can be rigorously 

determined based on experimental results, while others cannot be associated with a 

specific measurable quantity of the material behaviour, but they have a clear meaning 

in the model equations. 

One of the purposes of this research is to provide a clear and comprehensive 

methodology for calibrating the model specific parameters, with a direct application to 

the case of soft rocks, but that could be easily extended to the case of other materials 

and, even more generally, other constitutive models. In addition, this research 

investigates the capabilities and limitations of a model commonly used to simulate the 

behaviour of natural clays, to capture the distinctive features of these soft rocks. 

 

key words: soft rocks, weak rocks, constitutive model, multi-surface, natural, 

reconstituted, intrinsic, calibration, sensitivity analysis, structure. 
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1. INTRODUCTION 

The application of engineering science to the study of soils and rocks requires 

conceptual and mathematical models which describe the true nature of these materials 

(Leroueil and Vaughan, 1990). 

Terzaghi and Peck (1967) used the definition of “a natural aggregate of mineral grains 

that can be separated by such gentle mechanical means as agitation in water” to 

describe a soil, while a rock was described as “a natural aggregate of minerals 

connected by strong cohesive forces”. Physical and mechanical characteristics are 

also used to clearly distinguish between a soil and a rock but, a class of materials 

indicated as “hard soils/soft rocks”, intermediate between soils and rocks in terms of 

porosity, strength, and compressibility, among other characteristics (Clayton and 

Serratrice, 1997), also exists. 

Over the past thirty years, an increasing interest has been devoted to the investigation 

of appropriate and dedicated testing techniques, the interpretation of the experimental 

results, and the formulation of mathematical models for the simulation of the 

mechanical behaviour of this class of materials. 

In general, mathematical models of mechanical behaviour are essential for calculation 

and analysis (Vaughan, 1997). Constitutive laws of increasing complexity have been 

developed depending on the characteristics of the material (from soils to rocks) and 

the geotechnical problem to be addressed. 

As a matter of fact, it is not only necessary to distinguish between soils and rocks but 

also, between reconstituted and natural soils. A reconstituted soil is one that has been 

thoroughly mixed in the laboratory according to a specific procedure, in order to 

completely erase its previous stress history or any pre-existing bond between the 

particles. The behaviour of reconstituted soils has provided a framework of reference 

for the description of natural soils, meaning those in which the void ratio and the stress 

history are not sufficient to fully describe the material behaviour, but where “structure” 
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(due to fabric, bonding, and cementation) plays an important role in the interpretation 

of the natural soil behaviour. 

As a consequence, constitutive models specifically dedicated to either reconstituted 

soils or natural soils or soft rocks have been developed. 

The choice of the constitutive model is of fundamental importance and should take into 

account several aspects, such as the type of engineering application, the nature of the 

materials involved, the amount and type of tests that can be or have been performed in 

situ and/or in the laboratory, among others. The importance of the last point is explained 

here. In fact, the constitutive laws describing the material behaviour are characterised 

by a certain number of parameters. Some of them can be directly measured based on 

laboratory tests (e.g. the friction angle). Some others may be needed to describe a 

specific equation of the model (e.g. a degradation law) but they cannot be determined 

rigorously from tests. 

Different strategies may be used for calibrating such parameters, each with its own 

advantages and limitations, as it will be illustrated in this work. 

1.1 Aims and objectives 

The present research has been developed with the aim of providing the reader with a 

clear and comprehensive methodology for modelling the behaviour of natural materials, 

with a specific application to soft rocks. 

Leroueil and Vaughan (1990) have highlighted the effects of “structure” in a variety of 

different materials, going from soft clays to stiff clays, to granular soils, and to weak 

and weathered rocks. Their work indicated that, although the origin of structure may be 

different, its effects may be described in a unified way. 

This principle has been applied also in the choice of the constitutive model. The 

classification of a material as a soft rock does not necessarily indicate that all soft rocks 

have the same characteristics and must be described by different laws compared to 

natural soils. 

In this research, two main types of soft rocks, investigated in previous studies, have 

been considered: a soft calcareous mudstone from Abu Dhabi and a soft rock from 

Malta. The analysis of their micro- and macro-behaviour has highlighted differences 
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and similarities not only between them, but also when compared to other well-studied 

soft rocks as Corinth marl or Chalk. 

However, they have also shown that, although all these materials are definitely not soils, 

they seem to exhibit aspects of behaviour typical of a natural soil. In some cases, 

reconstituted samples have been created and tested, allowing to also interpret and 

model the intrinsic soft rock behaviour, as well to analyse the results of the intact 

material with a reference to its intrinsic properties. 

Soft rocks are characterised by an initial structure that gives them higher stiffness and 

strength, compared to their intrinsic response. From the modelling point of view, this 

means that it is possible to define a surface that represents the structure magnitude. 

The structure evolves due to degradation of bonds and particle rearrangement, as a 

consequence of external loads, chemical processes and so on. 

The behaviour of the soft rock may be elastic up to large pressures until the onset of 

an abrupt degradation process, as in the case of the calcarenite from Gravina (Lagioia 

and Nova, 1995; Lagioia and Nova, 1998), or, as in the case of the soft rocks 

considered in this study, the truly elastic domain is very small, and structure starts 

degrading from the early stages of the loading process and accelerates when a certain 

threshold is reached. 

This indicates that a single-surface model representing both the boundary between 

elastic and plastic behaviour, and the magnitude of structure and its evolution is suitable 

in the first case. On the contrary, at least two surfaces are needed in the second case, 

i.e. for the soft rocks modelled in this research. In fact, a smaller surface encloses the 

elastic domain while a larger surface represents the structure. Multi-surface models 

have been formulated for natural clays, since they are characterised by structure, but 

their behaviour is inelastic already at very small strains. 

For these reasons and, to the author’s knowledge, for the first time, a multi-surface 

kinematic hardening model, initially proposed for structured clays by Rouainia and Muir 

Wood (2000), is used to simulate the mechanical response of the soft rocks considered 

in this thesis. 
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The model is characterised by a certain number of parameters that cannot be directly 

determined based on experimental test results. A sensitivity analysis performed with a 

calibration tool developed by the author during this research has provided a deep insight 

in the meaning of each parameter, in the equations characterising the constitutive 

model and in the way in which each parameter value should be determined. 

Generally, the parameters that cannot be directly related to a soil property are 

considered as quantities that could assume any arbitrary value, regardless of the actual 

meaning of each parameter in the model equations. Often, these values are determined 

through optimisation procedures based on curve-fitting. However, as it will be 

discussed later in Chapter 5, optimisation techniques may not sufficiently take into 

account the non-uniqueness of the solution and, if based on a single or very few 

reference tests, they may lead to parameter values that are not representative of general 

loading conditions, as the ones occurring in practical engineering applications. 

Instead, this works shows that, although certain parameters cannot be directly 

determined from experimental test results, they represent a specific aspect of the 

material behaviour, due to their defined role in the constitutive equations. When a good 

testing campaign is available, giving important information on the material micro- and 

macro-behaviour, the uncertainties related to the parameter determination as well as 

the numerical variability of the remaining parameters, are considerably reduced. 

In this research, it is also demonstrated that this strategy could be applied for calibrating 

the parameters in the case of different materials (e.g. structured clays), and it could be 

extended to other advanced constitutive models, whose equations depend on 

parameters that are difficult to calibrate because they are not directly linked to a clear 

soil characteristic. 

In addition, during this work, the original implementation of the model has required 

some modifications, both prior to the analysis and as a consequence of the evaluation 

of the simulation results, in order to improve the model capabilities in the case of soft 

rocks. 

1.2 Thesis layout 

The present thesis is organized as follows: 
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• In Chapter 2, an overview of the observed experimental behaviour of different 

classes of reconstituted and natural soils is presented, providing a background 

for understanding the characteristics that are required in a constitutive model 

to capture the material behaviour. 

• In Chapter 3, an extensive literature review of existing constitutive models, 

developed to simulate the mechanical response of reconstituted and natural 

soils, and soft rocks, is given. 

• In Chapter 4, the constitutive model proposed by Rouainia and Muir Wood 

(2000), chosen for modelling the behaviour of two natural soft rocks, is 

described in detail, along with a discussion on the necessary input data and the 

modifications implemented in the model, prior to any of the subsequent 

analysis. 

• In Chapter 5, a very detailed and thorough analysis of the constitutive model, 

based on an extensive testing program and a systematic approach, is 

presented, together with a strategy for the calibration of the model parameters 

that cannot be determined directly from the results of tests performed on the 

material under investigation. 

• In Chapter 6, the micro- and macro-structural characteristics of a soft 

calcareous mudstone from Abu Dhabi, studied by Simpson (2015), are 

illustrated, in order to assess the possibility to model its behaviour using the 

RMW model. 

• In Chapter 7, the RMW model is used for the first time to simulate the behaviour 

of a soft rock in drained triaxial tests at different confining pressures. The model 

parameters are calibrated based on the test results illustrated in Chapter 6 and 

the considerations done in Chapter 5, allowing to evaluate the advantages and 

limitations of using optimisation procedures when the number of the available 

tests is limited. 

• In Chapter 8, the micro- and macro-structural characteristics of the soft rocks 

belonging to the Middle Globigerina Limestone Formation in Malta and studied 

by Mifsud (2019) are described, giving importance to the interpretation of the 
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results in the perspective of using them for determining the RMW model 

parameters in the following chapter. 

• In Chapter 9, based on the findings of Chapter 5 and the interpreted results in 

Chapter 8, the RMW model is used to simulate the behaviour of all three types 

of Maltese soft rocks both in their reconstituted and natural state, and along 

different stress paths, e.g. isotropic and one-dimensional compression, drained 

an undrained triaxial tests. 

• In Chapter 10, conclusions are drawn regarding the applicability of the chosen 

constitutive models to the considered cases, opening for the possibility of 

extending its use to other classes of materials with similar characteristics and 

with the support of the proposed calibration strategy. Suggestions for further 

research on both the experimental and the numerical side are provided. 
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2. THE MACRO-MECHANICAL BEHAVIOUR OF HARD SOILS AND 

SOFT ROCKS 

'Hard soils' and 'soft rocks' are materials that lie on the boundary between soils and 

rocks (Kavvadas, 2000). An artificial boundary has been drawn between these two 

broad material types (Hawkins, 2000) and consequently between the study of soils 

(soil mechanics) and rocks (rock mechanics). In the first case, laboratory and in-situ 

investigations focus on determining properties such as cohesion, friction angle, grain 

size distribution and plasticity, among others. In the second case, the characterisation 

of discontinuities and fractures is considered more important than the rock’s intact 

strength since they are weaker and more prone to failure. Laboratory tests 

characterising the rock are point load tests, Brazilian Tensile tests and Unconfined or 

Uniaxial Compressive Strength tests (UCS). 

For UCS values up to 25 MPa, the material is classified as “very low strength” rock by 

Bieniawski (1973) or “weak rock” according to ISRM (1981). Fookes and Higginbottom 

(1975) considered the boundary between soil and rock when UCS is between 0.3 and 

1.25 MPa. Chalk is classified as a weak rock and exhibits a very wide range of uniaxial 

compression strength, from 0.7 MPa to 40 MPa (Lord et al., 2002). 

Hawkins and Pinches (1992) and Hawkins (2000) have proposed the following scheme 

(Table 2-1) to classify a material, from very soft soil to extremely strong rock. 

Soft rocks may also be characterised by a certain tensile strength, although generally 

limited compared to the case of hard rocks. Often, the ratio of UCS to tensile strength 

is also used to classify the material, such that values lower than 10 are more 

representative of soft rocks, with a ratio between 3 and 5 in the case of calcareous 

rocks and evaporites (Coviello et al., 2005; Hoek, 2007; Cai, 2010). Instead, strong 

rocks are characterised by a ratio between 8 and 27 (Okubo and Fukui, 1996) or even 

35 in the case of granite. 

Many different materials can be considered as hard soils or soft rocks, and they are 

often (but not only) sedimentary in origin. 
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 Parameter Range of values Classification 

cu < 20 kPa Very soft soil 

cu 20-40 kPa Soft soil 

cu 40-80 kPa Firm soil 

cu 80-160 kPa Stiff soil 

cu 160-320 kPa Very stiff soil 

cu 320-640 kPa Hard soil 

UCS 1.25-2.5 MPa Very weak rock 

UCS 2.5-5.0 MPa Weak rock 

UCS 5-10 MPa Moderately weak rock 

UCS 10-50 MPa Moderately strong rock 

UCS 50-100 MPa Strong rock 

UCS 100-200 MPa Very strong rock 

UCS >200 MPa Extremely strong rock 

Table 2-1 – Soil and rock classification proposed by Hawkins and Pinches (1992) and Hawkins (2000). 

Two types of processes produce hard soils and soft rocks: lithification (compaction, 

cementation, and diagenesis) during which a certain degree of structure is developed, 

and weathering which, conversely, may transform a strongly bonded material into a 

weakly-structured material. Nearly all the natural soils are being created from rock by 

the processes of weathering or are being turned back into rock by the processes of 

lithification (Vaughan, 1997). These processes lead to very different and often 

heterogeneous materials. 

In granular soils, compaction occurs during the depositional process, accompanied by 

a reduction of the void ratio as a result of locking and grain crushing. Cementation often 

occurs at the same time as compaction since the products of particle breakage may fill 

the voids and increase interparticle bonding. Diagenesis may also affect the material 

through physical and chemical processes depending on the deposition environment, or 

through external actions such as earthquakes, stress systems causing faulting and the 

circulation of groundwater (Jeans, 1973). Even very young sediments are characterised 

by a certain degree of structure, that develops almost as soon as deposition takes place 

(Clayton and Serratrice, 1997). 
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On the other hand, the processes of disintegration and decomposition of rocks are due 

to weathering. It is possible to distinguish between mechanical and chemical 

weathering: the former is induced by actions like loads, stress relief, thermal expansion 

and contraction, or freezing effects; the latter is related to the processes of dissolution, 

hydrolysis, oxidation or carbonation, among others. 

Leroueil and Vaughan (1990) schematically represent the behaviour of a structured 

material in the (e, p) plane (Figure 2-1). The structured material can exist at void ratios 

greater than those that are possible for the same destructured material at the same 

stress. It is therefore possible to define a space bounded by the line that defines the 

loosest possible packing for the destructured soil, and a space outside this line in which 

the soil can only exist due to structure. The extent to which the soil is structured can 

be defined by the extent to which it can exist in this structure permitted space (Leroueil 

and Vaughan, 1990). 

 

Figure 2-1 - The comparison of structured and destructured compression behaviour (Leroueil and Vaughan, 1990). 

However, Aversa (1991) observed that in the case of a “fine grained” tuff, if the yield 

stress given by porosity only is higher than that related to bond strength, a first structure 
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breakdown may occur inside the limit surface and no clear evidence of structure effects 

may be observed (Figure 2-2). 

In both cases, it is useful to study the behaviour of a natural material with reference to 

the corresponding reconstituted behaviour. 

Burland (1990) proposed to use the compressibility and strength characteristics of 

reconstituted clays as a basic frame of reference for interpreting the corresponding 

characteristics of natural sedimentary clays. The extensive laboratory studies on 

reconstituted and remoulded natural or artificial clays represented a solid base for the 

development of the Critical State Framework (Roscoe et al., 1958; Roscoe and 

Poorooshasb, 1963; Schofield and Wroth, 1968). 

 

Figure 2-2 - Compression behaviour of a "fine grained" tuff (Aversa et al., 1991). 

Coop (1990) studied the behaviour of an uncemented carbonate sand in order to 

interpret the results obtained from the same artificially cemented material by separating 

the effects of cementation from those of particle breakage. As it will be discussed in 

more detail in this chapter, the behaviour of sands can also be described within the 

Critical State Framework, but with some modifications. In fact, the compressibility of 

clays and sands arise from two very different mechanisms: in clays, physical-chemical 

forces play a dominant role in the distribution of stresses; in sands, the mechanism is 
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dominated by stresses at the contacts between the grains, such that sands behaviour 

in compression is also accompanied by significant grain crushing. Bolton (1986) and 

McDowell and Bolton (1998) proposed a conceptual model that describes the evolution 

of a granular medium under stress, in order to investigate particle crushing. 

Many natural soils and soft rocks in their reconstituted state exhibit an intermediate 

behaviour that cannot be simply mapped to that of a clay or of a sand. Well-graded 

soils or silts are usually indicated as ‘transitional’ soils. Experimental investigations 

have been conducted on such soils (Martins et al., 2001; Nocilla et al., 2006; Ferreira 

and Bica, 2006; Shipton and Coop, 2015; Georgiannou et al., 2018) and some attempts 

in interpreting their behaviour according to the Critical State Framework have been 

done, although with some limitations.  

In this chapter, a review of the behaviour of reconstituted soils and of the applicability 

of the Critical State Framework is given in the first part, while, in the second part, some 

of the characteristics of natural soils and soft rocks are discussed together with the 

Sensitivity Framework proposed by Cotecchia and Chandler (2000) for structured 

clays. 

2.1 Behaviour of reconstituted soils 

2.1.1 Behaviour of reconstituted clays 

Burland (1990) defines a reconstituted clay as the one that has been thoroughly mixed 

at a water content equal to or greater than the liquid limit (wL). One-dimensional 

compression curves of different reconstituted clays are shown in Figure 2-3. 

At high stresses, the material tends to an asymptote represented by the condition of 

void ratio equal to zero (or specific volume equal to 1). 

A schematic and idealised representation of the specimen behaviour in the (e, log v) 

plane after a loading and unloading cycle, is shown in Figure 2-4. 

The representation in the semi-log plot allows to identify three different gradients, 

representing the recompression index Cr, the compression index Cc and the swelling 

index Cs. The compression index represents the slope of the normal compression line, 

reached for stresses higher than the preconsolidation pressure, representing the 
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maximum level of stress previously experienced by the material during its geological 

history. If a specimen existing on this line is gradually unloaded, then the changes in 

void ratio will not reverse back to the original state and the specimen follows a swelling 

line, which describes the limited increase in volume that is possible due to the elastic 

release of stress within the individual particles or to particle rearrangement. The 

swelling index represents the slope of the swelling line. If a specimen is subjected to a 

stress state that is lower than the maximum stress ever experienced, it is identified as 

“overconsolidated”. On the contrary, when the current stress state is also the maximum 

ever experienced, the specimen is “normally consolidated”. 

 

Figure 2-3 – One-dimensional compression curves for various reconstituted clays (Burland, 1990). 

In case of isotropic compression, a similar linear relationship as the one illustrated in 

Figure 2-4 describes the behaviour of the reconstituted clay in the (v, ln p) plane. The 
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virgin isotropic compression line is defined by the constants N, the intercept of the line 

at unit pressure, and λ, the gradient of the line in the semi-logarithmic plane. Similarly, 

the swelling line is described by vκ, the intercept of the swelling line at unit pressure, 

and , the gradient of the swelling line. 

 

Figure 2-4 - Typical recompression, compression and swelling curve from an oedometer test. 

Typical behaviour of clays during drained and undrained triaxial shear tests, starting 

from different overconsolidation ratios, is shown in Figure 2-5. 

 

Figure 2-5 - Behaviour of typical clays during shear (Mitchell and Soga, 2005). 
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In the normally consolidated and lightly overconsolidated specimens, the deviatoric 

stress gradually increases until it reaches a maximum value associated with failure. If 

the shear phase is drained, volume reduction can be observed until a point in which the 

volume remains constant under indefinite shear strain: the specimen has reached the 

condition of critical state. If the phase is undrained, this contractant behaviour results 

in the development of positive excess pore pressure. 

It is possible to observe that, if a set of drained and undrained experiments is repeated 

on specimens of the same material, but normally consolidated to a different initial void 

ratio (Figure 2-6c), stress paths identical in shape but scaled in terms of size in the (q, 

p) plane are obtained (Figure 2-6b). The results show that the points representing the 

critical state condition belong to the same line in both the (q, p) plane (Figure 2-6b) 

and the (v, p) plane, being parallel to the ICL line in the latter case (Figure 2-6c). 

 

Figure 2-6 - Drained and undrained triaxial test results on normally consolidated specimens (Burghignoli, 1985). 

Similarly, the stress-strain behaviour of high OC clays is also scaled based on the 

different initial void ratio, but their behaviour is characterised by a peak deviatoric 

stress, after which softening occurs and well-defined shear planes can be observed in 

the specimen. The volumetric response is such that, after an initial contraction, the 



 

 

69 

 

specimen dilates or, in the case of an undrained test, the excess pore pressures 

become negative. 

It is then possible to represent the state of a reconstituted clay specimen as a point in 

the three-dimensional space (q, p, v), at any stage of its state history. This important 

concept is at the base of the Critical State Framework (Roscoe et al., 1958; Roscoe 

and Poorooshasb, 1963; Schofield and Wroth, 1968). 

A state boundary surface (SBS) can be defined in the (q, p, v) space, representing the 

boundary between the possible and impossible states of a reconstituted clay (Roscoe 

and Poorooshasb, 1963). It consists of the Roscoe surface, the Hvorslev surface and 

a plane posing the limit for tension failure (Figure 2-7). All possible drained and 

undrained effective stress paths of a NC clay belong to the Roscoe surface, while all 

peak states of an OC clay lie on the Hvorslev surface. 

 

Figure 2-7 - The State Boundary Surface (Atkinson and Bransby, 1978). 
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The SBS can be represented also in a two-dimensional plane (Roscoe and 

Poorooshabs, 1963), if the results are normalised by the equivalent pressure pe, 

corresponding to the intersection between the ICL and the line at constant specific 

volume representing the current state of the material (Figure 2-8). Note that, while 

during an undrained test, pe is constant, during a drained triaxial test, pe must be 

updated at every step of the test, based on the updated value of the specific volume. 

The equation of the equivalent pressure is given by: 

 
𝑝𝑒
′ = 𝑒𝑥𝑝 (

𝑁 − 𝑣


) 2-1 

 

Figure 2-8 - Graphical representation of the equivalent pressure for drained (AB) and undrained (CD) stress paths 

(Burghignoli, 1985). 
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The SBS is represented in the normalised plane in Figure 2-9. 

 

Figure 2-9 - Normalised SBS (Burghignoli, 1985). 

Experimental observations have confirmed the validity of this interpretation. As an 

example, Gasparre et al. (2007) normalise the results obtained from several undrained 

triaxial tests performed on reconstituted London Clay samples, starting from different 

overconsolidation ratios (Figure 2-10). The normalised behaviour seems in very good 

agreement with the schematic representation shown in Figure 2-9. 

 

Figure 2-10 - Normalised shearing data from undrained triaxial tests on reconstituted samples (Gasparre et al., 

2007). 
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2.1.2 Behaviour of uncemented carbonate sands 

The work of Coop (1990) on the behaviour of uncemented carbonate sands is very 

important for understanding the behaviour of cemented carbonate sands and natural 

calcarenites. 

Carbonate soils are defined as those in which carbonate minerals, most commonly 

calcium carbonate, predominate. Therefore, they are often referred to as calcareous 

sediments (Fookes, 1988). 

Coop (1990) investigated the behaviour of a biogenic carbonate sand, i.e. Dogs Bay 

sand, using drained and undrained triaxial testing at standard and at high pressures (up 

to 8 MPa), after an isotropic compression phase. The calcium carbonate content of this 

sand is between 88% to 94% (Houlsby et al., 1988), while the biogenic origin is related 

to the presence of foraminifera and mollusc shells. The presence of these particles may 

explain, on one hand, the high friction angles, due to interlocking of angular shell 

particles (Semple, 1988), while on the other hand, they may be responsible for the 

decrease in friction angle at high stresses, due to particle crushing (Datta et al., 1979). 

Isotropic compression has been performed starting from a loose, compacted or 

overconsolidated state (Figure 2-11). In the first case, the soil starts at a high specific 

volume (of about 2.7) and shows a clear change in slope at around 800 kPa. When the 

soil is unloaded and reloaded, the behaviour is described by a swelling line with a very 

small gradient  (equal to 0.0075). This indicates the very stiff elastic behaviour 

characterising the sand, meaning that, during isotropic compression, particles may 

have been crushed and, in unloading, they cannot be “uncrushed”. When reloading, a 

sharp change in slope indicates the yield stress, when the ICL is reached, and particle 

breakage occurs again. 

When the sample is compacted, i.e. it starts from a lower specific volume, the initial 

part of the compression line shows a significant decrease in volume before the ICL is 

reached, without a clear yield stress. Coop (1990) explains this different behaviour 

assuming that the compacted soil is characterised by larger particles than those of an 

overconsolidated sand belonging to the same swelling line such that particle breakage 

starts before reaching the ICL. 
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Figure 2-11 - Isotropic compression data for Dogs Bay uncemented sand (Coop, 1990). 

The results of one-dimensional compression tests have shown that the K0 compression 

line lies parallel and on the left of the ICL, as observed in reconstituted clays. 

After isotropic compression, the samples have been sheared in standard drained and 

undrained triaxial condition or following a constant mean pressure. 

Figure 2-12 shows the stress ratio plotted against the product of the shear strain and 

the specific volume. 

Test 8 (undrained) and 11 (drained, at constant p) have been sheared starting from a 

mean pressure that is far from the ICL and show an initial high stiffness and peak 

behaviour, suggesting for a dilatant behaviour. Test H (drained, at constant p), J 
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(undrained) and L (drained) have been sheared starting from a high mean pressure, 

that belongs to the ICL, showing a contractant behaviour. 

 

Figure 2-12 - Normalised stress-strain data on uncemented Dogs Bay sand (Coop, 1990). 

At high strains, all cases seem to converge to a unique stress ratio at critical state, 

equal to 1.65, as also shown in the stress-dilatancy plot (Figure 2-13). 

 

Figure 2-13 - Dilatancy of uncemented Dogs Bay sand (Coop, 1990). 
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The data are scattered at small strains because of the high volumetric strains due to 

particle breakage, while at higher stress ratios, tests from a wide range of pressures 

are aligned along the same line, with a zero-volume change at q/p equal to 1.65. The 

results from test 11 shows a peak stress ratio at the maximum dilation rate. 

The undrained stress paths for tests at standard pressures are shown in Figure 2-14. It 

can immediately be noted an important difference compared to the undrained behaviour 

of reconstituted clays: they are characterised by an “s-shaped” stress path. 

 

Figure 2-14 - Stress paths of undrained tests on uncemented Dogs Bay sand (Coop, 1990). 
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This type of response has been observed also by Been and Jefferies (1985) on Kogyuk 

350/2 sand (Figure 2-15), and it is characterised by a point of phase transformation.  

 

Figure 2-15 - Typical undrained stress paths for Kogyuk 350/2 sand (Been and Jefferies, 1985). 

Ishihara et al. (1975) introduced this term to describe the threshold at which the 

behaviour of a sand as a solid is lost and transformed into that of a liquefied state. More 

generally, the phase transformation state defines the transition state between 

contractant and dilatant behaviour, corresponding to a “knee” in the effective stress 

path in the (q, p) plane (Lade and Ibsen, 1997) (Figure 2-16). 

The onset of dilatant behaviour arrests the descent of the effective stress paths 

(Georgiannou et al., 1990) and, more precisely, at the “knee”, the change in mean 

pressure is zero. Some researchers (Rahman and Lo, 2014; Nguyen, et al., 2018; 

Rahman, et al., 2018) adopted the change in excess pore pressures to define the phase 

transformation point, occurring right after the maximum excess pore pressure is 

registered. 
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Figure 2-16 - Schematic diagram of phase transformation state in undrained triaxial compression test on sand (Lade 

and Ibsen, 1997). 

Referring to Test 8 in Figure 2-14, after the phase transformation (i.e. point y) the 

effective stress path climbs up, at a constant stress ratio, until a certain peak deviatoric 

stress is reached, usually corresponding to a large shear strain (i.e. point z, with a shear 

strain of 21%, also representing the end of the test). The critical state line determined 

from the drained triaxial tests on uncemented Dogs Bay sand is added to Figure 2-14 

showing how it connects all the phase transformation points. 

The results of triaxial tests after isotropic compression up to high pressures are shown 

in Figure 2-17. 

Test J refers to an undrained triaxial test where, similarly to what described for Test 8, 

a phase transformation point can be identified but with a dilative portion, from y to z, 

that is shorter. This may be an effect of the higher confining pressure prior to the shear 

phase. 

Given the existence of a unique ICL, an equivalent pressure could be calculated to 

normalise all stress paths (Figure 2-18). Drained triaxial tests resulted in a state 

boundary similar to that of a clay, with a defined Roscoe surface on the wet side and 

with stress paths raising to the Hvorslev surface and climbing up until critical state, on 
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the dry side. However, the critical state point appears to not coincide with the peak of 

the Roscoe surface, but it is below (Chandler, 1985). 

 

Figure 2-17 - Stress paths for high pressure triaxial tests on uncemented Dogs Bay sand (Coop, 1990). 
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Figure 2-18 - Normalised drained triaxial stress paths on uncemented Dogs Bay sand (Coop, 1990). 

In the case of the undrained stress paths (Figure 2-19), it seems that, even when on 

the wet side of critical state, the stress paths are below the Roscoe surface and tend 

to reach the Hvorslev surface, passing below the critical state point. Coop (1990) 

associates this behaviour with particle breakage during shearing. In fact, test P has 

been compacted and then sheared from a cell pressure of 500 kPa, while test Q has 

been loaded along the ICL and unloaded at the same pressure and specific volume 

(Figure 2-11). During the shear phase (Figure 2-19), the overconsolidated specimen 

develops lower excess pore pressures compared to P, since sample Q has experienced 

higher stresses during compression associated with considerable particle breakage 

and with less scope for further breakage during shearing. In this case, the stress path 

rises more steeply, compared to sample P. 

Coop (1990) calculated the plastic strain increment vectors by subtracting the elastic 

part of the strain from the total value and obtaining a distribution of vectors as in Figure 

2-20. This shows that, unlike clays, these vectors are not normal to the state boundary 

meaning that larger volumetric strains occur probably due to particle breakage during 
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shearing. Particle breakage also occurs during undrained shearing, as it was verified 

with both sieve and density test data by Coop (1990). 

 

Figure 2-19 - Normalised undrained triaxial stress paths on uncemented Dogs Bay sand (Coop, 1990). 

 

Figure 2-20 - Plastic strain increments vectors for constant mean pressure test H (Coop, 1990). 
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2.1.3 Behaviour of transitional soils 

Transitional soils are characterised by a different behaviour compared to sands and 

clays. Many researchers have studied the effect of the addition of fines on the 

compressibility of sands. Been and Jefferies (1985) showed that an increase in fine 

content on a quartz sand results in an increase of the slope of the steady-state lines 

(Figure 2-21), defined as the locus of all points in the void ratio-stress space at which 

a soil mass deforms under conditions of constant effective stress, void ratio and 

velocity. On the contrary, Coop and Atkinson (1993) showed that, by adding 24% of 

non-plastic fines (i.e. gypsum plaster or calcium carbonate) to an uncemented 

carbonate sand (i.e. Dogs Bay sand), the specific volume reduces and the ICL flattens 

(Figure 2-22). 

 

Figure 2-21 - Steady-state lines for Kogyuk 350 sand with different silt contents (Been and Jefferies, 1985). 
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Figure 2-22 - Isotropic compression of uncemented Dogs Bay sand with and without fines (Coop and Atkinson, 

1993). 

These differences show that fines may play different roles on the sand behaviour, based 

on the different nature of the sand and fines. Additionally, the proportion of fines seems 

to be relevant. Thevanayagam and Mohan (2000) have pointed out that, in the case of 

a quartz sand with a plastic fines content lower than 10%, the compressibility is 

dominated by the coarse-grained matrix, while for a plastic fines content larger than 

40%, the fine-grained matrix dominates the behaviour. When the fines content is 

between 20% and 30%, there is a transition between the two behaviours. 

Martins et al. (2001) investigated the effect of a plastic fines content in a sandy soil in 

relation to the variation of compressibility and position of the normal compression line 
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in the (e, ln p) plane. The fines, mainly kaolinite, represent approximately 30% of total 

dry weight and give a plasticity index of 15% to the material. The material is gap-graded, 

meaning that it completely lacks the coarse and medium-silt fractions. The results of 

the oedometer tests performed on slurries with different initial void ratios show that, 

although the compression index is the same, the compression curves do not seem to 

converge in the investigated stress range, even when it is as high as 6 MPa (Figure 

2-23). Furthermore, the first loading shows compressibility indexes an order of 

magnitude greater than the swelling indexes upon unloading. 

 

Figure 2-23 - One-dimensional compression lines of a reconstituted sandy soil with plastic fines (Martins et al., 

2001). 

These results seem to indicate that there exists a category of sandy soils with plastic 

fines that does not behave in compression in accordance with the general behaviour 

described for other soils in the literature. This also implies that the framework of critical 

state soil mechanics may not be applicable to these sandy soils. 

Further research was conducted by Ferreira and Bica (2006) on the same material, 

examining the compression paths up to much higher stresses. This confirmed that 

convergence does not occur even at stress levels that might cause particle breakage in 

a clean sand. Additionally, triaxial tests have been conducted to examine the shearing 
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behaviour of a transitional soil in the reconstituted state, showing that it is also not 

possible to identify a unique critical state line. 

Nocilla et al. (2006) proved that the transitional behaviour is not a characteristic of gap-

graded or poorly graded sandy soils with a certain percentage of plastic fines. A well-

graded silty soil was studied, artificially controlling its grading to investigate 

systematically the evolution of its behaviour. Four different gradings were used, with a 

percentage of fines equal to 45%, 25%, 8% and 3.5%. The results of the one-

dimensional compression tests are shown in Figure 2-24. 

The initial specific volumes reduce for lower percentages of fines and both the 

compression and swelling curves become flatter as the clay content reduces. At 45% 

and 25% of clay content there is a clear convergence at higher stresses and a unique 

NCL can be identified, while at 8% and 3.5%, the compression curves are parallel and 

do not converge even at very high pressures (up to 11 MPa). 

The specimens were isotropically compressed and then sheared in drained or 

undrained conditions. The undrained stress paths (Figure 2-25) of the specimen with 

the highest clay content show a response similar to that of a reconstituted normally 

consolidated clay, following Roscoe’s surface, while, with decreasing percentage of 

fines, the behaviour shows a more pronounced phase transformation, as observed in 

poorly graded sands (e.g. Coop, 1990). In each plot, the critical state line has been 

drawn at a stress ratio equal to 1.3, although it seems rather high in the case of higher 

clay percentage. In the case of the specimen with the lowest percentage of fines, this 

value of M corresponds to the phase transformation point that could be identified as a 

critical state condition. 

The results have been normalised, calculating the equivalent pressure based on a 

unique NCL in the case of 45% and 25% of fines, and assuming an individual NCL for 

each sample in the case of 8% of fines. 

The normalisation of the triaxial stress paths characterising the 45% clay content 

(Figure 2-26a) shows that a unique critical state line can be identified but the material 

does not seem to obey to Rendulic’s principle since the drained stress path plots 

outside the undrained stress paths. This is observed also in the case of the 25% of 
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fines content (Figure 2-26b). In addition, in this case, phase transformation can be 

clearly observed. 

 

Figure 2-24 - Oedometer compression curves: (a) 45% clay content; (b) 25% clay content; (c) 8% clay content; (d) 

3.5% clay content (Nocilla et al., 2006). 
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Figure 2-25 - Stress paths during shearing: (a) 45% clay content; (b) 25% clay content; (c) 8% clay content; (d) 

3.5% clay content (Nocilla et al., 2006). 

The case with 8% of clay content (Figure 2-27) shows that the normalised stress paths 

are quite similar and tend to the same critical state line. Considering that the 

normalisation has been done using a different ICL for each test, the critical state line is 

not unique, but several lines in the (e, ln p) plane, parallel to each other, exist. 
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Figure 2-26 - Normalised shearing data for triaxial tests: (a) 45% clay content; (b) 25% clay content (Nocilla et al., 

2006). 

 

Figure 2-27 - Normalised shearing data for triaxial tests in the case of 8% clay content (Nocilla et al., 2006). 

The transitional behaviour does not seem to be exclusive of the cases in which the fines 

content consists of clay particles. Shipton and Coop (2015) studied the behaviour of a 

gap-graded sand with a 25% fine fraction made of either Speswhite kaolin (plastic) or 

crushed quartz silt (non-plastic). Similar patterns of transitional behaviour were 
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observed in both sands, with plastic and non-plastic fines, and particle breakage does 

not seem to occur. 

Transitional behaviour may be observed also in reconstituted specimens obtained from 

natural soft rocks. This is the case of the Corinth marl (Anagnostopoulos et al., 1991; 

Anagnostopoulos et al., 1989) characterised by a sand content <12%, a silt-sized 

fraction between 75% and 87% and a clay-sized fraction between 13% and 24%. The 

mineralogical analysis and the SEM images have shown that the clay-sized fraction 

consists of a small part of clay minerals, while the rest is fragments of calcite and 

quartz. The material is classified as a low plasticity clay or silt according to the 

Casagrande Plasticity Chart (Anagnostopoulos et al., 1991). 

Reconstituted specimens were created crushing the material and adding distilled water 

up to a water content of about 1.5 times the liquid limit (Burland, 1990) and then 

remoulding the slurry in a mechanical mixer for one hour. The results of the one-

dimensional compression executed on the slurry in the consolidometer and in the 

standard oedometer apparatus are shown in Figure 2-28. 

 

Figure 2-28 - One-dimensional consolidation tests on intact, reconsolidated and slurry marl (Anagnostopoulos et 

al., 1991). 
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The data are not enough to derive a general conclusion, but it can be noted that the 

response of the slurry is characterised by two lines parallel to each other, as observed 

in the transitional soils analysed before (e.g. Martins et al., 2001; Nocilla et al., 2006). 

Georgiannou et al. (2018) performed other tests on the reconstituted Corinth marl, 

characterised by a plasticity index of 6%, and on another clayey silt, referred to as 

Lamia soil, characterised by a plasticity index of 25%. According to Boulanger and 

Idriss (2006), the behaviour of fine-grained soils is more “sand-like”, when the 

plasticity index is lower than 7, and “clay-like”, when larger. 

The normal compression curves for specimens loaded from various slurry states in the 

standard oedometer are shown in Figure 2-29 and Figure 2-30 for Corinth marl and 

Lamia soil, respectively. As observed in other transitional soils, the curves describing 

the Corinth marl response do not seem to converge even at vertical effective stresses 

of 6 MPa, and they remain rather parallel to each other. 

 

Figure 2-29 - Normal compression curves of reconstituted Corinth marl at different moisture contents (Georgiannou 

et al., 2018). 
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In the case of the more plastic Lamia soil, the normal compression curves of specimens 

with water contents larger than 1.15 times the liquid limit seem to converge at high 

pressures. 

 

Figure 2-30 - Normal compression curves of reconstituted Lamia soil at different moisture contents (Georgiannou 

et al., 2018). 

In both cases, the NCL curves have been normalised calculating the void index Iv, as 

suggested by Burland (1990) for reconstituted clays, obtaining an almost unique line 

for normal stresses higher than 100 kPa for Lamia soil (Figure 2-31), also in good 

agreement with the normalised curve describing reconstituted sedimentary clays, 

probably due to the high plasticity. 

This is not the case for the low plasticity Corinth marl since the normalized curves 

present a different concave downward shape within the range between 100 kPa and 

1000 kPa (Figure 2-32) and an even more pronounced difference outside this range 

can also be observed. The deviation of the ICL of the marl indicates that it is behaving 

more like a sandy silt, due to its low plasticity and possibly its coarser grading 

(Georgiannou et al., 2018). 
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Figure 2-31 – Normalised compression curves of Lamia soil (Georgiannou et al., 2018). 

 

Figure 2-32 – Normalised compression curves of Corinth marl (Georgiannou et al., 2018). 

The reconstituted specimens have been sheared in drained and undrained triaxial 

conditions at different confining pressures. Both in the case of Lamia soil (Figure 2-33) 

and Corinth marl (Figure 2-34), the undrained behaviour is characterised by an “s-

shaped” stress path, that turns sharply to the right and climbs up the failure envelope. 
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Figure 2-33 - Undrained effective stress path for reconstituted Lamia soil specimens (Georgiannou et al., 2018). 

 

Figure 2-34 - Undrained effective stress path for reconstituted Corinth marl specimens (Georgiannou et al., 2018). 

The Corinth marl specimens experience a larger dilation after phase transformation, that 

contributes to a considerable increase in strength. For effective confining pressures 

between 298 kPa and 402 kPa, the peak strength is between 3.25 to 4.12 times the 
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strength at phase transformation. Interestingly, at higher pressures, dilative behaviour 

is suppressed, and peak strength decreases considerably. 

While the stress-strain behaviour of the reconstituted Lamia soil is more similar to that 

of a reconstituted clay, with constant peak deviatoric stress and excess pore pressures 

(Figure 2-35 and Figure 2-36), the Corinth Marl reconstituted specimens show a very 

stiff initial response, a sharp yield point and strain hardening to peak deviatoric stress 

(Figure 2-35). Strain hardening is accompanied by a decrease in pore pressure (Figure 

2-36), indicating that dilative behaviour is the main cause of the observed increase in 

strength during hardening. 

 

Figure 2-35 – Stress-strain behaviour during undrained triaxial tests on reconstituted Lamia and Marl specimens 

(Georgiannou et al., 2018). 
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Figure 2-36 - Excess pore water pressure evolution during undrained triaxial tests on reconstituted Lamia and Marl 

specimens (Georgiannou et al., 2018). 

2.2 Behaviour of natural soils and soft rocks 

Lambe and Whitman (1969) used the term “structure” to indicate both the effects of 

“fabric”, i.e. the arrangement of the soil particles, and “bonding”, i.e. the interparticle 

forces that are not of a purely frictional nature. Bonding does not necessarily imply a 

solid link, but it may also be a consequence of electrostatic, electromagnetic or other 

forces acting to connect the particles (Cotecchia and Chandler, 1997). 

Most natural soils and soft rocks are structured, i.e. at a given void ratio, they can 

sustain higher stresses compared to the same non-structured material. This is evident 

for soft rocks (Anagnostpoulos et al., 1991; Lagioia and Nova, 1995; Cuccovillo and 

Coop, 1999), soft clays (Burland, 1990; Tavenas and Leroueil, 1990; Koskinen, 2014); 

sands (Clough et al., 1981; Mitchell and Solymar, 1984; Schmertmann, 1991) as well 

as in stiff overconsolidated clays and clay shales (Calabresi and Scarpelli, 1985; 

Burland et al., 1996; Picarelli et al., 2003). 

Leroueil and Vaughan (1990) presented numerous examples to demonstrate that the 

effects of structure are applicable to a wide range of different ground materials. 

Some examples of one-dimensional compression curves of natural and reconstituted 

soft clays are shown in Figure 2-37, showing that natural soils can exist at a higher 
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void ratio than the corresponding reconstituted one, at the same pressure. Considering 

the yield curve, structure is responsible for an increase in size with respect to its 

reconstituted version. Many natural clays show anisotropic structure, as it can be seen 

by the yield surface being centred on the K0-consolidation line in Figure 2-38. 

 

Figure 2-37 - One-dimensional compression curves for intact samples of soft clay and for samples sedimented in 

the laboratory: (a) Mexico City clay (Mesri et al. 1975); (b) The Grande-Baleine clay (Locat and Lefebvre, 1985). 

 

Figure 2-38 - Yield curves for intact and destructured soft clays a) Saint-Alban (Leroueil et al. 1979); b) Cubzoc-les-

Ponts (Monan et al. 1982); c) Atchafalaya (Parè, 1983); d) Bäckebol (Brousseau, 1983). 
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Overconsolidated clays, clay shales and weak mudstones have been loaded and 

unloaded during their geological history such that distinguishing the preconsolidation 

pressure from the yield stress due to structure is less easy compared to the case of a 

soft clay. Nevertheless, an increase in strength and yield stress has been often 

observed (Ohtsuki et al., 1981; Banks et al., 1975). 

Evidence of structure due to cementation has been observed in sands. Coop and 

Atkinson (1993) and Huang and Airey (1993) noticed that artificially cemented 

carbonate sands exhibit a much sharper yield point and a stiffer initial response, 

compared to the same uncemented material, with states well outside the normal 

compression line of the uncemented material (Figure 2-39). 

 

Figure 2-39 - One-dimensional compression behaviour of an artificially cemented carbonate sand (Coop and 

Atkinson, 1993). 

Yield in cemented carbonate sands is characterised not only by breakage of bonds but 

also by particle crushing, such that the material response is a result of both processes.  

The effect of structure in weak rocks (Pellegrino, 1970; Addis and Jones, 1990) is often 

seen as an increase in peak strength and initial stiffness. Lagioia and Nova (1995) 
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investigated the behaviour of a calcarenite from Gravina in Puglia, showing a very 

abrupt yield point after a very stiff initial response (Figure 2-40). 

 

Figure 2-40 - Isotropic compression of a calcarenite from Gravina in Puglia (Lagioia and Nova, 1995). 

Leroueil and Vaughan (1990) discuss the mechanical response of four different 

structured materials during one-dimensional compression (Figure 2-41): soft clay, 

artificially bonded soil, marl and chalk. Within their yield curves all the materials show 

stiff behaviour, with stress paths consistent with elastic materials having low values of 

Poisson’s ratio. Typically, they reach the yield curves close to the failure envelope. Yield 

then occurs, compressibility increases markedly, and, as the structure is destroyed, 

the stress path migrates towards that for the destructured soil, with K0  1 − sin𝜑′. 

There may be a small reduction in shear stress immediately post yield. The four 

materials have very different vertical yield stresses of 75, 170, 1250 and 40000 kPa, 

respectively. Nevertheless, they show similar patterns of behaviour. A schematisation 

of a typical yield curve due to structure is shown in Figure 2-41a: it is centred on the 

K0-consolidation line in clays which have an anisotropic structure due to consolidation 

(as also shown in Figure 2-38), while they may be centred on the isotropic stress line 

for soft rocks and residual soils which are isotropic (Leroueil and Vaughan, 1990). 
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Figure 2-41 – One-dimensional compression tests on four different structured materials: a) schematic behaviour; b) 

sensitive Canadian clay (Lefebvre and Philibert, 1979); c) unweathered Keuper Marl (Chandler, 1969); d) artificially 

bonded soil (Maccarini, 1987); e) chalk (Addis, 1987). 
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Yield may occur in compression, shearing and swelling or tension. Weak mudrocks 

can be destructured by compression (Banks et al., 1975).  This material is dense, and 

in its structured state it is very stiff. After loading to a stress beyond yield, with the 

consequent destruction of structural bonds and release of strain energy, the sample 

swells to a higher void ratio than it had initially. Yield in shear also causes loss of 

structure. However, it can be relatively difficult to quantify this effect because of the 

formation of shear discontinuities. Swelling from in-situ effective stresses in soils 

containing expansive clay minerals may be sufficient to cause yield of a bonded 

structure, as in the case of the heavily overconsolidated London Clay (Bishop et al., 

1965). 

Before yield, the material shows a quite stiff response, but not necessarily elastic. In 

fact, although there may be a zone of elastic behaviour (Elliot and Brown, 1985), some 

structure may be lost due to stress changes within the primary yield curve. Vaughan 

(1990) suggest that plastic strains occur at lower stresses compared to primary yield. 

Studies of the properties of natural materials show that their behaviour cannot be 

described by means of the void ratio and stress history alone, as in the critical state 

framework (Leroueil and Vaughan, 1990). At the same time, although their origin may 

be complex and very different, the effects themselves may be described in a simple 

and general way, that considers the structure (Leroueil and Vaughan, 1990). 

Burland (1990) shows that for a set of structured clays, the one-dimensional 

compression curves can be normalised transforming the void ratio into the void index 

and obtaining a sedimentation compression curve (SCC) for each different sediment. 

These curves plotted within a very narrow band, that can be averaged to a single line, 

i.e. the Sedimentation Compression Line (SCL). Reconstituted specimens from the 

same structured clays have also been compressed and, using the same normalisation 

procedure, they can be described by a unique Intrinsic Compression Line (ICL) (Figure 

2-42). 

Over the range of vertical effective stress between 10 kPa and 1000 kPa, the ICL and 

SCL are parallel with the effective overburden pressure carried by a natural clay being 

five times that carried by the equivalent reconstituted clay (Burland, 1990). This is 
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attributable to structure. Whilst this generalization is applicable to many clays, Burland 

reports that there are exceptions to this rule, with some quick clays and cemented clays 

existing way above the SCL, which thus represents the average behaviour. 

 

Figure 2-42 - The Intrinsic Compression Line and the Sedimentation Compression Line of Burland (1990). 

Burland also points out the difference between the “overconsolidation ratio” (OCR) and 

the “yield stress ratio” (YSR): the former represents the vertical preconsolidation stress 

established from geological considerations, when the stress history is known, the latter 

represents the gross yield vertical effective stress in one-dimensional compression 

over the in-situ vertical effective stress. Gross yield refers to the state in the effective 

stress space outside the elastic domain, where stiffness falls significantly, and beyond 
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which plastic strain increments become substantially larger because of soil structure 

degradation. This is accompanied by a substantial change in the hardening relationship 

(Cotecchia & Chandler, 1997). 

Cotecchia & Chandler (2000) examined many different clays from the geotechnical 

literature to extend the concept of the SCL accounting for different types of structure 

and distinguishing between the ‘sedimentation’ structure (Figure 2-43), i.e. all 

structures that develop during and after deposition as a result of solely one-dimensional 

consolidation, and the “post-sedimentation” structure (Figure 2-44), that develops 

when some geological process subsequent to consolidation intervenes to modify the 

sedimentation structure. In the first case, the yield stress ratio is equal to the 

overconsolidation ratio, while in the second case, the YSR is larger than the OCR. 

Cotecchia and Chandler (2000) developed this concept further by quantifying the 

separation between the individual sedimentation curve of a particular soil and the ICL. 

The term “strength sensitivity” St, indicates the ratio of the undrained strength after 

consolidation until gross yield to the one of the reconstituted clay, normally 

consolidated to the same water content as the natural clay at gross yield. Therefore, by 

definition, St is 1 for reconstituted clays. 

The strength sensitivity gives the possibility to numerically represent the influence of 

the sedimentation structure on the one-dimensional compression behaviour of a natural 

clay. This suggests a behavioural pattern called “Sensitivity Framework” as described 

in Figure 2-45. Each of the SC curves in the figure is a curve of gross yield stresses 

vy. If the clays have a sedimentation structure, v0 is equal to vy and the ratio of the 

gross yield stress vy to the equivalent stress on the intrinsic line *ey can be indicated 

as “stress sensitivity” S. Numerically, the strength sensitivity and the stress sensitivity 

are equal. The same relationship applies to clays with a post-sedimentation structure 

although, in this case, the gross yield stress is greater than the in-situ stress. 
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Figure 2-43 – Natural clay with sedimentation structure (Cotecchia and Chandler, 2000). 

 

Figure 2-44 - Natural clay with post-sedimentation structure (Cotecchia and Chandler, 2000). 
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Figure 2-45 - Sedimentation compression curves in the idealised sensitivity framework (Cotecchia and Chandler, 

2000). 

The sensitivity framework can be represented in the three-dimensional space (q, p, v) 

plotting the behaviour of a natural clay and of its corresponding reconstituted version 

(Figure 2-46). The natural SC curve is parallel to the ICL in the (v, ln p) plane, since it 

represents the locus of the gross yield states in one-dimensional compression of 

samples of equal strength sensitivity. It is assumed that the stress sensitivity (vy/*ey) 

is equal to the ratio (pK0y/p*KOy), where K0 indicates the one-dimensional condition 

and also to the ratio (piy/p*iy), indicating the isotropic condition. Therefore, the SC 

curve is also parallel to the isotropic gross yield locus projected in the (v, ln p) plane. 

The strength sensitivity is redefined by Cotecchia and Chandler (2000) as the ratio of 

the vertical size of the State Boundary Surface of the natural clay to the vertical size of 

the SBS of the corresponding reconstituted material. The equality between stress and 

strength sensitivity implies that there is geometric similarity between the SBS of the 

natural clay and that of the reconstituted one. 

The study has been extended to evaluate the behaviour of natural clays with a post-

sedimentation structure, i.e. with YSR > OCR. Cotecchia and Chandler (2000) 



 

104 

 

compared the stress sensitivity of several different clays (e.g. Bothkennar, Todi, 

Vallericca, London) with the corresponding strength sensitivity calculated as the ratio 

of the SBSs. They showed that, also in this case, the two sensitivities are the same and 

that, also when a natural clay is characterised by a post-sedimentation structure, its 

behaviour can be described within the sensitivity framework. 

 

Figure 2-46 - Idealised behaviour of a natural clay and of the same clay when reconstituted (Cotecchia and Chandler, 

2000). 

The sensitivity framework implies that samples from different depths of a given natural 

clay, with the same sensitivity, have gross yield states, in both compression and shear, 

that lie on a SBS in the (q, p, v) space, which can be normalised by the volume. 

For undisturbed samples of a clay of given strength sensitivity St, the gross yield curves 

of the natural clay can be normalised by the equivalent pressure p*e, defined as the 

equivalent pressure on the INCL of the reconstituted clay. Cotecchia and Chandler 
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(2000) demonstrate that the ratio 

𝑞𝑝𝑒𝑎𝑘
𝑆𝑡𝑝𝑒

∗⁄  is equal to 

𝑞𝑝𝑒𝑎𝑘
∗

𝑝𝑒∗
⁄ , where qpeak and 

q*peak are the deviatoric stresses at the apex of the natural clay SBS and of the 

reconstituted clay SBS, respectively. This relationship assumes that p*e is the 

normalising factor for the effect of volume and St is the normalising factor for structure. 

If these normalisations apply to the complete gross yield behaviour, then all gross yield 

curves of a given clay and of the same reconstituted clay should reduce to a unique 

curve in the (
𝑝
𝑆𝑡𝑝𝑒

∗⁄ , 
𝑞
𝑆𝑡𝑝𝑒

∗⁄ ) plane. If the deviatoric stress is normalised for 

composition using the intrinsic value of M, the gross yield curves for clays of different 

structure and composition should reduce to a unique curve in the (
𝑝
𝑆𝑡𝑝𝑒

∗⁄ , 
𝑞
𝑀𝑆𝑡𝑝𝑒

∗⁄ ) 

plane. Considering that the strength sensitivity is the same as the stress sensitivity, a 

unique general gross yield locus can be postulated for all clays as shown in Figure 

2-47. 

 

Figure 2-47 – General normalised gross yield locus for clays (Cotecchia and Chandler, 2000). 

For many natural clays, the behaviour post gross yield is different from that observed 

before gross yield and from the post gross yield behaviour of a reconstituted clay. In 

one-dimensional compression, after gross yield, the natural clay follows a path that 

goes below the SC curve, meaning that the strength sensitivity is progressively reduced. 
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This shows the importance to describe the behaviour of natural clays and, more in 

general, natural soils and soft rocks, by means of a gross yield that evolves not only as 

a function of plastic volumetric strains but also of the change in strength sensitivity. 

Furthermore, Cotecchia and Chandler (2000) proposed a modification to Taylor’s 

equation, to describe the shear behaviour of natural soils. In fact, in the critical state 

framework, at a given confining mean effective stress, the strength q of a soil depends 

on the internal friction (i.e. M) and on the effort required to pack or unpack the particles, 

represented by the ratio of the volumetric to the deviatoric plastic strain increment. The 

mathematical relationship, i.e. the flow rule, proposed by Taylor is given by the 

following equation: 

 𝑞

𝑝
= 𝑀 −

휀�̇�
𝑝

휀�̇�
𝑝 

2-2 

In natural soils, the structure interferes with the deformation response such that the 

behaviour is not purely frictional but “basically frictional”, as defined by Cotecchia and 

Chandler (2000) with a modified equation of the flow rule: 

 𝑞

𝑝
= 𝑄 − 𝐴

휀�̇�
𝑝

휀�̇�
𝑝 

2-3 

The parameter Q corresponds to the critical stress ratio of the natural material and A 

may be less than 1, to indicate that the effects of dilation may be attenuated by the 

effect of bonding. 

The sensitivity framework has been successfully used to describe the behaviour of 

natural clays, such as Pappadai clay (Cotecchia and Chandler, 1997; Cotecchia and 

Chandler, 2000), Winnipeg clay (Graham et al., 1988), Bothkennar clay (Smith et al., 

1992; Cotecchia and Chandler, 2000), among others. Furthermore, it has represented 

the basis for the development of the advanced constitutive model S3-SKH by Baudet 

and Stallebrass (2004), described in the next chapter. 

In the case of soft rocks, an attempt to describe the behaviour of soft rocks from 

Mrieħel (Malta) using the sensitivity framework, has been done by Mifsud (2019) and 

it will be described in Chapter 8. 
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3. REVIEW OF CONSTITUTIVE MODELS 

The experimental behaviour of reconstituted and natural soils described in the previous 

chapter highlights the importance of formulating constitutive laws able to describe the 

stress-strain response of soils. At first, constitutive models for reconstituted soils have 

been developed, e.g. Cam-Clay and Modified Cam-Clay (Roscoe and Schofield (1963) 

and Schofield and Wroth (1968)). Later, they became a basis for the development of 

more complex constitutive laws, providing a framework of reference for defining the 

properties and effects of microstructure. 

The most common approaches to constitutive modelling of soils are based on rate-

independent incremental plasticity, i.e. strain increments can be decomposed into an 

elastic and a plastic component (Hill, 1950). A small stress change can determine an 

elastic strain only or an elasto-plastic response. During the transition from a purely 

elastic state to an elasto-plastic state, the soil yields. The locus of points that separates 

the elastic from the elasto-plastic states defines the yield surface.  

A constitutive model may be characterised by one or more yield surfaces, with different 

scopes: 

• One may enclose the elastic domain, as in the case of Cam-Clay and Modified 

Cam-Clay, or the small bubble in Al-Tabbaa and Muir Wood model (1989) and 

in 3-SKH model (Stallebrass, 1990). 

• Another one may define the magnitude of structure, e.g. the outer surface in 

the MSS (Kavvadas and Amorosi, 2000) or S3-SKH (Baudet and Stallebrass, 

2004) model. 

• Finally, it may describe the influence of the stress history, as in the 3-SKH 

(Stallebrass, 1990) and S3-SKH model (Baudet and Stallebrass, 2004). 

In addition to the yield surface(s) equation(s), a constitutive model is characterised by: 

• an elastic law, to simulate the purely elastic behaviour of the material; 

• a flow rule, to describe the direction of the plastic strain increments; 
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• one or more hardening rules, to regulate the evolution in dimension, shape and 

orientation of the yield surface(s). 

Each constitutive model may capture only some aspects of soil behaviour and the 

choice of using a specific soil model depends on the numerical problem that needs to 

be solved.  

In this chapter, a review of constitutive models is given. This review is not meant to be 

exhaustive but aims to describe some of the most known constitutive models for 

reconstituted clays, natural clays, and soft rocks, explaining their main features as 

outlined above. 

In the following, bold characters indicate tensor quantities, and the superimposed dot 

indicates an increment. 

3.1 Constitutive models for reconstituted clays 

3.1.1 Cam-Clay 

The first critical state models were the series of Cam-Clay formulations, developed at 

the University of Cambridge, by Roscoe and his co-workers. The formulation of the 

original Cam-Clay model as an elasto-plastic constitutive law was presented by Roscoe 

and Schofield (1963) and Schofield and Wroth (1968), and it has been the basis for 

many other more advanced models. The model was intended to describe some of the 

features identified for normally consolidated and lightly overconsolidated clays within 

the Critical State Framework. 

The model assumes that, by isotropically loading a soil sample in drained condition, 

the relationship between specific volume and mean stress can be described either by 

the normal consolidation line (NCL) (equation 3-1) or by a set of swelling lines (equation 

3-2): 

 𝑣 =  𝑁 −  ln 𝑝 
3-1 

 𝑣 =  𝑣 −  ln 𝑝 
3-2 

where N and v are the values of the specific volume at p equal to 1 for the NCL and a 

particular swelling line;  and  are the slope of the normal compression line and of the 

swelling line in the (v, ln p) plane (Figure 3-1). 
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The elastic behaviour of the soil is isotropic and defined by the bulk stiffness K and the 

shear stiffness G, being the elastic volumetric response a function of the parameter . 

Considering that the elastic volumetric increment is given by equation 3-3: 

 휀�̇�
𝑒 = −

�̇�

𝑣
=



𝑣

�̇�

𝑝
 

3-3 

it can be observed that the bulk modulus K is not a constant, but it depends on the 

mean pressure p according to the following expression: 

 𝐾 =
�̇�

휀�̇�
𝑒 =

𝑣𝑝


 

3-4 

In this form, the value of the swelling line coefficient  and the slope  are directly 

related to the swelling index Cs and the compression index Cc, respectively (equation 

3-5 and equation 3-6): 

  =
𝐶𝑠
ln 10

 
3-5 

  =
𝐶𝑐
ln 10

 
3-6 

Both indexes are defined in the (e, log v) plane. 

 

Figure 3-1 - Representation of the isotropic compression line and of a swelling line. 
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In the original formulation, no specifications were given for the elastic shear strains 휀�̇�
𝑒
. 

Two possibilities could be taken into consideration: either the Poisson’s ratio ’ is a 

constant and G is calculated as a function of K and ’ (equation 3-7), meaning that G is 

also stress dependent; or G is a constant and therefore ’ is variable (equation 3-8). 

 𝐺 =
3(1 − 2′)

2(1 + ′)
𝐾 

3-7 

 ′ =
3𝐾 − 2𝐺

6𝐾 + 2𝐺
 

3-8 

Both options have some limitations: equation 3-7 may lead to thermodynamic problems 

such that it becomes possible to generate or dissipate energy during stress-controlled 

elastic cycles (Zytinski et al., 1978) (Figure 3-2); equation 3-8 may result into negative 

Poisson’s ratios. 

 

Figure 3-2 - Non-conservative behaviour during an elastic stress-controlled cycle using a hypoelastic formulation. 

The yield surface is assumed to have an asymmetrical elliptic shape in the triaxial plane 

(q, p), passing through the origin of the stress space and being described by equation 

3-9: 

 𝑓 =
𝑞

𝑀
+ 𝑝 ln

𝑝

𝑝𝑐
= 0 3-9 

The parameter M is the stress ratio of the critical state line projected on the (q, p) plane 

and pc represents the pre-consolidation pressure, i.e. the intersection between the yield 

surface and the isotropic axis at the highest value of p (Figure 3-3). 

An associated flow rule is assumed, meaning that the plastic potential coincides with 

the yield surface and the ratio of the plastic volumetric over the plastic deviatoric strain 

increment is given by: 
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휀�̇�
𝑝

휀�̇�
𝑝 = 𝑀 −  

3-10 

where  represents the stress ratio 𝑞 𝑝⁄ . 

 

Figure 3-3 - Representation of Cam-Clay model surface. 

When  is equal to M, the dilatancy is equal to zero, independent from the confining 

pressure: this corresponds to the critical state condition. Representing the vectors of 

the plastic strain increment in the current stress state (Figure 3-4), the condition of  = 

M corresponds to vertical vectors, while the volumetric component of the plastic strain 

is negative when  > M, and positive when  < M. 

The hardening rule is isotropic and volumetric such that the size of the yield surface is 

controlled by pc evolving with the plastic volumetric strains: 

 

�̇�𝑐 =
𝑣휀�̇�

𝑝

− 
𝑝𝑐 3-11 

The behaviour could be either compressive (on the wet side of critical state) or dilatant 

(on the dry side of critical state) (Roscoe et al., 1958) (Figure 3-5). 
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Figure 3-4 - Direction of the plastic strain increments based on the stress ratio. 

 

Figure 3-5 - Enlargement or reduction of the original model surface according to the volumetric hardening rule. 

The shape of the yield surface and the choice of an associated flow rule lead to a 

limitation in the case of isotropic compression, for which it is expected that only 

volumetric strains are generated, while shear strains are induced (Figure 3-6). 
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Additionally, depending on the direction from which the corner of the yield curve is 

approached, there are two alternative plastic strain increment vectors. 

Other model limitations are: 

• a unique value for the critical stress ratio M for compression and extension, 

while experimental observations have shown it could be smaller for extension 

stress paths; 

• overestimation of the soil strength for stress states on the dry side of critical 

state; 

• prediction of stress paths different than the experimental during K0-

consolidation due to the shape of the yield surface; 

• during loading, the yield surface expands with positive volumetric hardening, 

meaning that the elastic region becomes larger and larger, resulting in an 

unrealistic elastic response in unloading. 

 

Figure 3-6 - Plastic strain increment with deviatoric component during isotropic compression. 

Table 3-1 summarises the parameters required to fully describe the model. 

 

 



 

114 

 

Parameter Description 

 Slope of the normal compression line in the (v, ln p) plane 

 Slope of the swelling line in the (v, ln p) plane 

e0 Initial void ratio 

’ Coefficient of Poisson 

M Stress ratio at critical state 

Table 3-1 - List of parameters characterising the original Cam-Clay and the Modified Cam-Clay model. 

3.1.2 Modified Cam-Clay 

To overcome the limitation related to the shape of the yield function of the original Cam-

Clay formulation, Roscoe and Burland (1968) have proposed a new elliptical yield 

surface (Figure 3-7): 

 𝑓 =
𝑞2

𝑀2
+ 𝑝(𝑝 − 𝑝𝑐) = 0 

3-12 

Consequently, the flow rule is expressed by: 

 

휀�̇�
𝑝

휀�̇�
𝑝 =

𝑀2 − 2

2
 

3-13 

This results in the following possibilities: 

• for  = 0, 휀�̇�
𝑝 휀�̇�

𝑝⁄ = ∞, implying compression without distortion, as in isotropic 

compression paths; 

• for  = M, 휀�̇�
𝑝 휀�̇�

𝑝⁄ = 0, implying distortion without compression, i.e. the critical 

state condition; 

• for  < M, 휀�̇�
𝑝 휀�̇�

𝑝⁄ > 0, implying compression plus distortion; 

• for  > M, 휀�̇�
𝑝 휀�̇�

𝑝⁄ < 0, implying dilatancy plus distortion. 

The elastic behaviour and the hardening rule are the same as in the original Cam-Clay 

model. The Modified Cam-Clay model shares the same limitations of the original Cam-

Clay, having solved only the problem of the singularity at the isotropic compression 

state. 

The parameters that characterise the model are the same as in the original Cam-Clay 

model (Table 3-1). 
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Figure 3-7 - Modified Cam-Clay yield surfaces. 

3.1.3 SCLAY-1 

The anisotropic elasto-plastic model SCLAY-1 was initially developed by Wheeler et al. 

(2003) to account for the anisotropy of soft clays. The model extends the Modified 

Cam-Clay model with the introduction of an inclined yield surface and mixed isotropic-

rotational hardening. 

Though the model was intended to be used to model soft clays, the simulation results 

were not in good agreement with the experimental data of tests performed on Otaniemi 

clay (Finland), indicating the importance of including bonding and destructuration even 

for soft clays (as described in paragraph 2.2). For this reason, the model is described 

in the section referred to constitutive models for reconstituted clays. 

The elastic behaviour is described by the same isotropic elastic laws as the Cam-Clay 

models, with the shear stiffness as a function of the bulk modulus and the coefficient 

of Poisson (equation 3-4 and 3-7). 

The yield surface is a sheared ellipse that passes through the origin of the stress space, 

as the one proposed by Dafalias (1987) and Korhonen and Lojander (1987): 

 𝑓 = (𝑞 − 𝛼𝑝)2 + 𝑝(𝑀2 − 𝛼2)(𝑝 − 𝑝𝑚) = 0 
3-14 
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The parameter  is a measure of the degree of plastic anisotropy of the soil and 

represents the inclination of the yield curve, and pm defines the size of f, corresponding 

to the projection of the yield surface vertex (point A) on the mean pressure axis (Figure 

3-8). 

When  is equal to zero, equation 3-14 becomes equivalent to the Modified Cam-Clay 

yield surface. The value of M can be varied with the evolution of the Lode angle and the 

quantity (−  𝛼), where  is the stress ratio 𝑞 𝑝⁄  (Figure 3-9a). Simply using two 

different values for M in compression and in extension would result in a problematic 

discontinuity in the yield curve (Figure 3-9b). 

An associated flow rule is assumed, leading to: 

 

휀�̇�
𝑝

휀�̇�
𝑝 =

𝑀2 − 2

2(− )
 

3-15 

 

 

Figure 3-8 - SCLAY-1 yield curve (Wheeler et al., 2003) 
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Figure 3-9 - (a) Lode angle dependency, (b) Fixed different values of M in compression and extension (Wheeler et 

al., 2003). 

Two hardening rules are implemented. The first describes the change in size of the yield 

surface in the same way as for the Cam-Clay models (equation 3-11), with pm instead 

of pc. The second rule is a rotational hardening law that describes the change in the 

inclination of the yield surface due to plastic strains. It is assumed that plastic 

volumetric strains tend to bring the value of  equal to a target value v(η), that 

depends on the current stress ratio η. At the same time, plastic deviatoric strains tend 

to bring the value of  equal to a target value q(η), also depending on η, but different 

from v(η) because both types of strain result in different rearrangements of the fabric. 

The formula of the rotational hardening law is given by the following equation: 

 �̇� = 𝜇 [(
𝑣
(𝜂) − 𝛼)〈휀�̇�

𝑝〉 + 𝛽 (
𝑞
(𝜂) − 𝛼) |휀�̇�

𝑝|] 3-16 

The parameter  controls the absolute rate at which  approaches the target value,  

controls the relative effectiveness of the plastic shear strains and the plastic volumetric 

strains in determining the target value of . The Macaulay brackets on 휀�̇�
𝑝

 indicate the 

following: 

• 〈휀�̇�
𝑝〉 = 휀�̇�

𝑝
 when 휀�̇�

𝑝 > 0; 

• 〈휀�̇�
𝑝〉 = 0 when 휀�̇�

𝑝 ≤ 0. 
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This condition is important to ensure stability of the model also for stress paths on the 

dry side of critical, even though the predicted behaviour is unlikely to be accurate in 

this region. Equations 3-17 and 3-18, proposed for v(η) and q(η), have been derived 

based on a comprehensive series of tests on Otaniemi clay (Näätänen, Lojander, 

Wheeler Karstunen (1999)) and subsequently verified on a more general scale through 

tests on other clays: 

 
𝑣
(𝜂) =

3

4
 

3-17 

 
𝑞
(𝜂) =



3
 

3-18 

The dependency of the rotational hardening law from both the plastic volumetric and 

deviatoric strains ensures the existence of a unique critical state value of  and then, 

of a unique critical state line in the (v, ln p) plane. 

Table 3-2 summarises the parameters required to fully describe the model. 

 

Parameter Description 

 Slope of the normal compression line in the (v, ln p) plane 

 Slope of the swelling line in the (v, ln p) plane 

e0 Initial void ratio 

’ Coefficient of Poisson 

M Stress ratio at critical state 

 Inclination of the yield surface 

 Absolute rate in the rotational hardening 

 Relative effectiveness of plastic volumetric and deviatoric strains in the rotational 

hardening 

pm Initial size of the yield surface 

Table 3-2 - List of parameters characterising the SCLAY-1 model. 

3.1.4 Two-surface “bubble” model by Al-Tabbaa and Muir Wood (1989) 

This model represents a kinematic hardening extension of the Modified Cam-Clay 

model with elements of bounding surface plasticity (Dafalias, 1986). The salient feature 

of the bounding surface approach is that plastic strains occur for stress states within 

an outer surface at a rate which depends on the proximity between the current stress 
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point and an image stress point (or conjugate point) on the bounding surface defined 

by a proper mapping rule. 

The elastic region is confined in a “bubble” that moves in the stress space, dragged by 

the current stress state. The material exhibits a memory of past loading history by 

means of plastic internal variables (Dafalias, 1981). 

This model can simulate relevant characteristics of the behaviour observed in 

overconsolidated soils, e.g. stiffness non-linearity (e.g. Jardine et al., 1984) and 

stiffness dependency on the recent stress history, i.e. a change in direction of the stress 

path but also a period of rest at a particular stress state (Atkinson et al., 1990). 

The elastic behaviour is described by the same law as in the Modified Cam-Clay model, 

but using *, i.e. the gradient of the line in the (ln v, ln p) space (Butterfield, 1979): 

 𝐾 =
𝑝

∗
 3-19 

The inclination of the isotropic normal compression line is also defined in the ln 𝑣 −

ln 𝑝′ space and it is indicated as * (Figure 3-10). 

The bounding surface equation is equivalent to the Modified Cam-Clay yield surface, 

even though in this case it does not represent the boundary of the elastic domain: 

 𝑓 =
𝑞2

𝑀2
+ (𝑝 − 𝑝𝑐)

2 − 𝑝𝑐
2 = 0 

3-20 

The parameter pc corresponds to half of the mean pressure at the intersection of the 

current swelling line with the normal compression line. 

The bubble surface is characterised by the same shape but different dimension, defined 

through the parameter R, i.e. the ratio between the horizontal axis of the bubble over 

the one of the bounding surface. The bubble can be centred in any point of the stress 

space within the outer surface. The equation of the truly elastic region is: 

 𝑓𝑏 =
(𝑞 − 𝑞𝛼)

2

𝑀2
+ (𝑝 − 𝑝𝛼)

2 − (𝑅𝑝𝑐)
2 = 0 

3-21 

The quantity 𝜶 = {𝑝𝛼, 𝑞𝛼}
𝑇
 indicates the bubble centre and R is a constant positive 

value lower than 1. When R is equal to 1, the model becomes equivalent to the Modified 

Cam-Clay model. The surfaces are represented in the (q, p) plane in Figure 3-11. 
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Figure 3-10 - Representation of the isotropic compression line and of a swelling line in the bi-logarithmic space. 

 

Figure 3-11 - Al-Tabbaa and Muir Wood model surfaces. 

The isotropic volumetric hardening rule is the same as in Modified Cam-Clay, but with 

* and *: 
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 �̇�𝑐 =
휀�̇�
𝑝

∗ − ∗
𝑝𝑐 

3-22 

Due to the isotropic volumetric hardening rule and according to equations 3-20 and 3-21, 

an expansion/contraction of f also implies an expansion/contraction of fb. 

The bubble is dragged by the current stress state and moves according to a kinematic 

hardening rule such that the two surfaces do not intersect and that for any point on the 

bubble surface there is a point on f with the same outward normal. This condition is 

achieved by associating each point P on the kinematic surface with a conjugate point 

Pconj on the bounding surface and ensuring the translation of  happens in a direction 

parallel to the vector  joining P and Pconj (Figure 3-12). 

 

Figure 3-12 - Description of the conjugate point of P. 

The vector  is characterised by the two components: 

 𝜷 = [

𝑝 − 𝑝𝛼
𝑅

− (𝑝 − 𝑝𝑐)

𝑞 − 𝑞𝛼
𝑅

− 𝑞
] 3-23 

The evolution of the bubble centre depends on the contraction or expansion of the 

surfaces according to the isotropic hardening law, and on the vector : 
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 [
�̇�𝛼
�̇�𝛼
] =

�̇�𝑐
𝑝𝑐
[
𝑝𝛼
𝑞𝛼
] + 𝑆𝜷 

3-24 

The parameter S is a multiplication factor calculated using the consistency equation for 

fb: 

 𝑆 =
(𝑝 − 𝑝𝛼) (�̇� −

�̇�𝑐
𝑝𝑐
𝑝) +

(𝑞 − 𝑞𝛼)
𝑀2 (�̇� −

�̇�𝑐
𝑝𝑐
𝑞)

(𝑝 − 𝑝𝛼) [
𝑝 − 𝑝𝛼
𝑅 − (𝑝 − 𝑝𝑐)] +

𝑞 − 𝑞𝛼
𝑀2 (

𝑞 − 𝑞𝛼
𝑅 − 𝑞)

 
3-25 

When the two surfaces are in contact, then: 

 [
�̇�𝛼
�̇�𝛼
] =

�̇�𝑐
𝑝𝑐
[
𝑝𝛼
𝑞𝛼
] 3-26 

The flow rule is associated, and the plastic strain increments are calculated as: 

 [
휀�̇�
𝑝

휀�̇�
𝑝] =

1

𝐻

[
 
 
 
 (𝑝 − 𝑝𝛼)

2 (𝑝 − 𝑝𝛼)
(𝑞 − 𝑞𝛼)

𝑀2

(𝑝 − 𝑝𝛼)
(𝑞 − 𝑞𝛼)

𝑀2
[
(𝑞 − 𝑞𝛼)

𝑀2
]

2

]
 
 
 
 

[
�̇�
�̇�
] 3-27 

The plastic modulus H consists of two contributions: HC and Hi. The first one, HC, is 

given by the following equation: 

 𝐻𝑐 =
(𝑝 − 𝑝𝛼)

∗ − ∗
[𝑝(𝑝 − 𝑝𝛼) + 𝑞

(𝑞 − 𝑞𝛼)

𝑀2
] 3-28 

Al-Tabbaa (1987) observed that, if Hi equals zero, there are four "singularity points" 

where Hc, and consequently H, could become zero, which implies unlimited plastic 

strains. The points are represented in Figure 3-13. Two singularity points exist for 𝑝 =

𝑝𝛼 when the current stress state is at the top or bottom of the bubble (indicated as g1 

and g2 in Figure 3-13). The other two singularity points exist at the points where the 

vector that joins the origin with the current stress state becomes perpendicular to the 

vector normal to the kinematic yield surface at that stress state (indicated as g3 and g4 

in Figure 3-13). In this case the term [𝑝(𝑝 − 𝑝𝛼) + 𝑞
(𝑞−𝑞𝛼)

𝑀2 ] in equation 3-28 becomes 

zero. 
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Figure 3-13 - Representation of the singularity points and of the stable/unstable regions (Stallebrass, 1990; after 

Al-Tabbaa, 1987). 

These four singularity points define two unstable regions as can be seen in Figure 3-13. 

An unstable region is defined by Al-Tabbaa (1987) as the region in which the plastic 

shear strain increment is in the opposite direction to the shear stress increment, i.e. 

where the hardening function becomes negative and softening behaviour is predicted. 

For this reason, a few constraints were introduced on the values that Hi could take. 

First, since unstable behaviour had not been observed for stress states where  < 𝑀, 

it was required for Hi to be greater than zero in that region. Then, the plastic strain 

increments on the kinematic yield surface must be less or equal than those on the 

bounding surface, i.e. Hi is required to be greater or equal to zero. Finally, Hi should 

reduce to zero only when the two surfaces come in contact with each other at the 

current stress state. The formulation proposed for Hi is: 

 

𝐻𝑖 =
1

∗ − ∗
𝑝𝑐
3 (

𝑏

𝑏𝑚𝑎𝑥
)



 

3-29 

The parameter b is calculated as the scalar product “:” between  and the normal �̅� to 

fb at the current stress state, divided by a measure of the size of the yield surface, Rpc: 
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𝑏 =

1

𝑅𝑝𝑐
�̅�: 𝜷 

3-30 

 

�̅� = [

𝑝 − 𝑝𝛼
𝑞 − 𝑞𝛼
𝑀2

] 
3-31 

During isotropic compression, the maximum distance bmax for the configurations of the 

surfaces shown in Figure 3-14, is 2𝑝𝑐(1 − 𝑅). When the current stress state lies on 

the bounding surface (i.e. 𝑃 ≡ 𝑃𝑐𝑜𝑛𝑗), b is equal to zero and, consequently, also Hi. 

 

Figure 3-14 - Configurations corresponding to the maximum value of the distance between current stress point 

and conjugate point. 

Table 3-3 summarises the parameters required to fully describe the model. 

 

Parameter Description 

* Slope of the normal compression line in the (ln v, ln p) plane 

* Slope of the swelling line in the (ln v, ln p) plane 

’ Coefficient of Poisson 

M Stress ratio at critical state 

R Ratio of the bubble surface over the outer surface 

 Exponent of the interpolation rule 

pc Initial size of the outer surface 

Table 3-3 - List of parameters characterising the Al-Tabbaa and Muir Wood model. 
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3.1.5 3-SKH: three-surface yield model by Stallebrass (1990) 

Stallebrass (1990) proposed a constitutive model characterised by three surfaces: 

• A small kinematic yield surface simulates the existence of a small elastic region. 

• An outer bounding surface represents the region in which the bubble can move. 

• A kinematic history surface accounts for the effect of recent stress history and, 

in particular, the initial dependency of the stress-strain response on the loading 

path and the progressive loss of this effect as loading continues, until the soil 

loses memory of the previous loading path (Stallebrass and Taylor, 1997). 

The model represents an extension of the two-surface model by Al-Tabbaa and Muir 

Wood (1989). 

The bounding surface equation is equivalent to the Modified Cam-Clay yield surface 

and to the bounding surface of the Al-Tabbaa and Muir Wood model (1989): 

 𝑓 =
𝑞2

𝑀2
+ (𝑝 − 𝑝𝑐)

2 − 𝑝𝑐
2 = 0 

3-32 

The history surface has the same shape and is centred in �̌� = {𝑝�̌�, 𝑞�̌�}
𝑇
: 

 𝑓ℎ =
(𝑞 − 𝑞�̌�)

2

𝑀2
+ (𝑝 − 𝑝�̌�)

2 − (𝑇𝑝𝑐)
2 = 0 

3-33 

The parameter T is the ratio between the dimension of fh and the bounding surface. 

The kinematic yield surface is centred in  and is characterised by the following 

equation: 

 𝑓𝑏 =
(𝑞 − 𝑞𝛼)

2

𝑀2
+ (𝑝 − 𝑝𝛼)

2 − (𝑇𝑆𝑝𝑐)
2 = 0 

3-34 

where TS is the ratio between the dimension of fb and the bounding surface, and S is 

the ratio between the dimension of fb and fh. A representation of the model surfaces is 

shown in Figure 3-15. 

The elastic behaviour is described by the same isotropic law as the two-surface model, 

as well as the same isotropic hardening rule is assumed. 

Two translational rules are required: one describes the movement of the centre of the 

history surface and one the movement of the centre of the bubble surface. 
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These laws state that the centre of a surface should always move along a vector joining 

the current stress state to its conjugate point on the next surface, where the conjugate 

points are as shown in Figure 3-16. This rule ensures that, as the surfaces are dragged 

by the current stress state, they never intersect, and they tend to align gradually along 

the current stress path direction. In the model there is a separate component for the 

translation rule which governs the translation of a surface in contact with one or more 

than one surface. The translation rules allow the model to keep a memory of the 

previous loading history when the loading direction is changed.  

 

Figure 3-15 - 3-SKH model surfaces. 

The translation rule for the history surface is the same as equation 3-24 for the two-

surfaces model, considering equations 3-23 and 3-25, and {𝑝𝛼, 𝑞𝛼}
𝑇
 as the centre of 

the history surface and T instead of R. 

The translation rule for the bubble surface is similar to the one of the history surface 

but, in this case, the current stress is on the bubble and the conjugate point is on the 

history surface, such that the vector  connecting the two points is given by: 

  = [

𝑝 − 𝑝𝛼
𝑆

− (𝑝 − 𝑝�̌�)

𝑞 − 𝑞𝛼
𝑆

− (𝑞 − 𝑞�̌�)
] 3-35 

The translational rule is equal to: 
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[
�̇�𝛼
�̇�𝛼
] =

�̇�𝑐
𝑝𝑐
[
𝑝𝛼
𝑞𝛼
] + 𝑍 

3-36 

Where Z is derived using the consistency condition: 

 𝑍 =
(𝑝 − 𝑝𝛼) (�̇� −

�̇�𝑐
𝑝𝑐
𝑝) +

(𝑞 − 𝑞𝛼)
𝑀2 (�̇� −

�̇�𝑐
𝑝𝑐
𝑞)

(𝑝 − 𝑝𝛼) [
𝑝 − 𝑝𝛼
𝑆 − (𝑝 − 𝑝�̌�)] +

𝑞 − 𝑞𝛼
𝑀2 [

𝑞 − 𝑞𝛼
𝑆 − (𝑞 − 𝑞�̌�)]

 
3-37 

 

Figure 3-16 - Description of conjugate points for the 3-SKH model (Stallebrass and Taylor, 1997). 

The plastic strain increments are described as in the two-model surface, by equation 

3-27, with H consisting in the sum of three terms: 

• Hc is the plastic modulus when all surfaces are in contact, the same as equation 

3-28 (Figure 3-17). 

• H1 is the contribution given by the distance between the history surface and 

the bounding surface. 

• H2 is dependent on the distance between the bubble and the history surface. 

The equations for H1 and H2 are: 
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 𝐻1 =
𝑆2

∗ − ∗
𝑝𝑐
3 (

𝑏1
𝑏1,𝑚𝑎𝑥

)



 3-38 

where S2 ensures that the strains predicted by fh and fb are the same when they are in 

contact; 

 𝐻2 =
1

∗ − ∗
𝑝𝑐
3 (

𝑇𝑏2
𝑏2,𝑚𝑎𝑥

)



 3-39 

where T is introduced to reduce the value of H2 to ensure that the model predictions of 

the elasto-plastic strains inside the history surface are realistic. 

 

Figure 3-17 - Geometry of the surfaces when they are all in contact. 

Table 3-4 summarises the parameters required to fully describe the model. 

Parameter Description 

* Slope of the normal compression line in the (ln v, ln p) plane 

* Slope of the swelling line in the (ln v, ln p) plane 

’ Coefficient of Poisson 

M Stress ratio at critical state 

T Ratio of the history surface over the bounding surface 

S Ratio of the bubble surface over the history surface 

 Exponent of the interpolation rule 

pc Initial size of the outer surface 

Table 3-4 - List of parameters characterising the 3-SKH model. 
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3.2 Constitutive models for natural clays 

3.2.1 Structured Cam-Clay model (Liu and Carter, 2002) 

The model proposed by Liu and Carter (2002) is based on the Modified Cam-Clay 

model, introducing simple new features to account for the influence of the soil structure 

at its natural state. The idealised behaviour during isotropic compression is shown in 

Figure 3-18 (Liu and Carter, 2000) where the intrinsic void ratio is indicated as e*, py,i 

is the mean pressure at which virgin yielding of the structured soil begins and e is the 

difference in void ratio between the structured soil and the corresponding reconstituted 

material at the same stress state. 

To model the compression behaviour of structured soils during virgin compression, Liu 

and Carter (2000) proposed the following equation: 

 𝑒 = 𝑒∗ + ∆𝑒𝑖 (
𝑝𝑦,𝑖

𝑝
)
𝑏

 3-40 

where ei is the additional void ratio at 𝑝 = 𝑝𝑦,𝑖, and b is a parameter quantifying the 

destructuration rate. The authors indicate that b is typically larger or equal to 1 for soft 

clays and lower than 1 for stiff clays. 

 

Figure 3-18 - Idealisation of compression behaviour of reconstituted and structured soil (Liu and Carter, 2000). 
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A single yield surface is considered, as in the Modified Cam-Clay model, with the same 

elliptic shape in the (q, p) plane and passing through the origin of the stress space. 

Differently form the Modified Cam-Clay model, this surface represents the elastic 

boundary of the bonded material, with a dimension of ps along the isotropic axis (Figure 

3-19): 

 𝑓 =
𝑞

𝑀2
+ 𝑝(𝑝 − 𝑝𝑠) = 0 

3-41 

 

Figure 3-19 - Yield surface for Structured Cam-Clay model (Liu and Carter, 2002). 

The elastic behaviour is described in the same way as for the Modified Cam-Clay 

model, with equation 3-4 and equation 3-7 describing the stress-dependent bulk 

stiffness and shear stiffness, respectively, with the same limitation of a non-

conservative response to cyclic loading. 

When the stress state reaches the yield surface, virgin yielding occurs. For monotonic 

loading, this means that 𝑝𝑠 ≥ 𝑝𝑦,𝑖. It is assumed that the elastic strain of a structured 

soil is the same as that of the reconstituted material and that hardening of the structured 

soil depends only on the volumetric plastic strains. This means that any change in the 

additional void ratio ei due to soil structure must be associated with the plastic 

volumetric strains and depends on the size of the yield surface, ps. For this reason, the 

variable p in equation 3-40 can be written as ps. 

The equation of the isotropic normal compression line of a reconstituted soil is: 

 𝑒∗ = 𝑒𝑝=1𝑘𝑃𝑎
∗ −  ln 𝑝 

3-42 
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The parameter  indicates the slope of the intrinsic normal compression line in the (e, 

ln p) plane. Equation 3-42 is substituted in equation 3-40, obtaining: 

 𝑒 = 𝑒𝑝=1𝑘𝑃𝑎
∗ −  ln 𝑝 + ∆𝑒𝑖 (

𝑝𝑦,𝑖

𝑝𝑠
)
𝑏

 3-43 

During compression along a general stress path, the volumetric deformation of a 

reconstituted soil is defined by  ln 𝑝, that is divided into two parts (Schofield and 

Wroth, 1968). The elastic part is defined by  ln 𝑝, dependent on the current stress 

state, and the plastic part is given by (− ) ln 𝑝𝑠, dependent on the size of the yield 

surface. Equation 3-43 may be rewritten as: 

 𝑒 = 𝑒𝑝=1𝑘𝑃𝑎
∗ − (− ) ln 𝑝 −   ln 𝑝 + ∆𝑒𝑖 (

𝑝𝑦,𝑖

𝑝𝑠
)
𝑏

 3-44 

Differentiating equation 3-44, the volumetric strain increment can be calculated, 

consisting of an elastic part (as equation 3-3 of Cam-Clay model) and a plastic part: 

 휀�̇�
𝑝 = (− )

�̇�𝑠
(1 + 𝑒)𝑝𝑠

+ 𝑏𝑒
�̇�𝑠

(1 + 𝑒)𝑝𝑠
 

3-45 

Equation 3-45 is modified to also include the effect of shear stress on the destructuration 

process through the parameter , representing the stress ratio: 

 휀�̇�
𝑝 = (− )

�̇�𝑠
(1 + 𝑒)𝑝𝑠

+ 𝑏𝑒
�̇�𝑠

(1 + 𝑒)𝑝𝑠
(1 +



𝑀− 
) 

3-46 

The formula describing the plastic volumetric strain increment indicates that the effect 

of destructuration, i.e. a reduction of the additional void ratio, increases with the value 

of the current stress ratio. For a reconstituted soil, e is zero, and the model behaves 

as a Modified Cam-Clay model. 

A non-associated flow rule is proposed for the model: 

 

휀�̇�
𝑝

휀�̇�
𝑝 =

𝑀2 − 2

2(1 − 𝜔𝑒)
 

3-47 

The following constraint is imposed for the choice of the parameter : 

  0 ≤  ≤
1

𝑒𝑖
 

3-48 
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When on the dry side of critical state, the yield surface shrinks as an effect of both 

softening and destructuration, until the soil reaches critical state, and the structure is 

completely broken down. Equation 3-46 is valid for the softening process, while, based 

on the flow rule, the increment of the plastic deviatoric strain is given by: 

 휀�̇�
𝑝 = 2(1 − 𝜔𝑒) [(− ) − 𝑏𝑒

𝑀

𝑀 − 
]



𝑀2 − 2
�̇�𝑠

(1 + 𝑒)𝑝𝑠
 

3-49 

A summary of the parameters required to fully describe the model is given in Table 3-5. 

Parameter Description 

 Slope of the normal compression line in the (v, ln p) plane 

 Slope of the swelling line in the (v, ln p) plane 

’ Coefficient of Poisson 

M Stress ratio at critical state 

e*p=1kPa Void ratio of the reconstituted soil at p=1kPa during virgin compression 

py,i Mean pressure at initial yielding of structured soil 

b Exponent indicating the destructuration rate 

 Influence of soil structure on the flow rule 

Table 3-5 - List of parameters characterising the Structured Cam-Clay model. 

3.2.2 S3-SKH: Sensitivity three-surface kinematic hardening model (Baudet and 

Stallebrass, 2004) 

The model proposed by Baudet and Stallebrass (2004) aims to simulate the effects of 

structure and destructuration, observed in natural clays. It originates from the multi-

surface model 3-SKH (Stallebrass, 1990, Stallebrass and Taylor, 1997) for 

reconstituted clays and is formulated according to the Sensitivity Framework proposed 

by Cotecchia and Chandler (2000), which uses sensitivity to quantify structure based 

on test data from Pappadai clay. 

The model is characterised by three surfaces, as the 3-SKH model, but with the outer 

bounding surface representing the effects of structure through the current sensitivity s. 

With respect to the surface representing the intrinsic behaviour of the soil (equation 

3-32), the sensitivity surface is larger by a factor s: 

 𝑓 =
𝑞2

𝑀2
+ (𝑝 − 𝑠𝑝𝑐)

2 − (𝑠𝑝𝑐)
2 = 0 

3-50 



 

 

133 

 

The formulas describing the history and bubble surface, fh and fb respectively, are 

similar to the ones given by equation 3-33 and 3-34, but formulated with respect to the 

sensitivity surface: 

 𝑓ℎ =
(𝑞 − 𝑞�̌�)

2

𝑀2
+ (𝑝 − 𝑝�̌�)

2 − 𝑇2(𝑠𝑝𝑐)
2 = 0 

3-51 

 𝑓𝑏 =
(𝑞 − 𝑞𝛼)

2

𝑀2
+ (𝑝 − 𝑝𝛼)

2 − (𝑇𝑆)2(𝑠𝑝𝑐)
2 = 0 

3-52 

A representation of the model surfaces in the (q, p) plane is shown in Figure 3-20. The 

behaviour of the soil within the bubble surface is isotropic and elastic, as in the 3-SKH 

model, including the limitation due to the violation of the second thermodynamic 

principle. 

 

Figure 3-20 - S3-SKH model surfaces. 

All three surfaces can change their size, keeping the same shape and orientation, as a 

result of the volumetric hardening rule, as in the corresponding 3-SKH model for 

reconstituted clays and the Al-Tabbaa and Muir Wood bubble model (equation 3-22). 

In addition to a positive or negative change in size due to the direction of the volumetric 

plastic strain increment, a destructuration rule is added to simulate the degradation of 

structure, keeping the same shape as observed by Cotecchia and Chandler (2000). 
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The analysis of several data on Bothkennar and Pisa clay showed that the net rate of 

destructuration is related to the degree of structure, so the change in sensitivity �̇� has 

been normalised by the initial sensitivity and is proportional to the damage strain 

increment 휀�̇�. 

 

�̇�

𝑠
= 휀�̇� 

3-53 

The parameter  is a factor of proportionality, always negative to account for a 

progressive reduction of sensitivity. Since destructuration occurs in both compression 

and shearing, the damage strain is considered equally dependent from both volumetric 

and deviatoric plastic strains: 

 휀�̇� = √휀�̇�
𝑝2 + 휀�̇�

𝑝2
 

3-54 

As a matter of fact, the reduction of s is bounded by a lower limit, i.e. the minimum 

value of the sensitivity is 1 for clays with a metastable structure, meaning that they 

converge towards the intrinsic state, and it is larger than 1 for clays with a stable 

structure, where even large values of strains cannot lead to the intrinsic state (Figure 

3-21). In the last case, the ultimate sensitivity is indicated as sf. 

Equation 3-53 can be re-elaborated as: 

 �̇� = −
𝑘

(∗ − ∗)
(𝑠 − 𝑠𝑓)휀�̇� 

3-55 

The parameter k controls the rate of destructuration.  

Both the history and bubble surface can move inside the sensitivity surface, following 

the same kinematic hardening rules of the 3-SKH model, such that the surfaces do not 

intersect. 

An associated flow rule is assumed and, as in the 3-SKH model, the plastic modulus 

is given by the sum of three contributions 𝐻 = 𝐻𝑐 + 𝐻1 + 𝐻2, where Hc is the plastic 

modulus when all surfaces are in contact, and H1 and H2 depend on the distance 

between the history surface and the sensitivity surface and between the bubble surface 

and the history surface, respectively. While the equations for H1 and H2 are the same 

as in the 3-SKH model (equation 3-38 and 3-39), the formula to calculate Hc has been 

extended (equation 3-28) to include the sensitivity s: 
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𝐻𝑐 =
(𝑝 − 𝑝𝛼)

∗ − ∗
[𝑝(𝑝 − 𝑝𝛼) + 𝑞

(𝑞 − 𝑞𝛼)

𝑀2
] 

× [1 −
𝑘

𝑝 − 𝑝𝛼
(1 −

𝑠

𝑠𝑓
)√(𝑝 − 𝑝𝛼)2 + (

𝑞 − 𝑞𝛼
𝑀2

)
2

] 

3-56 

 

Figure 3-21 - Schematic diagram showing the difference in behaviour of clays with stable and metastable structure 

in compression and shearing. 

Table 3-6 summarises the parameters required to fully describe the model. 

 

Parameter Description 

* Slope of the normal compression line in the (ln v, ln p) plane 

* Slope of the swelling line in the (ln v, ln p) plane 

’ Coefficient of Poisson 

M Stress ratio at critical state 

T Ratio of the history surface over the sensitivity surface 

S Ratio of the bubble surface over the history surface 

 Exponent of the interpolation rule 

pc Initial size of the surface representing the intrinsic behaviour 

s Initial sensitivity 

sf Ultimate sensitivity 

k Destructuration rate 

Table 3-6 - List of parameters characterising the S3-SKH model. 
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3.2.3 MSS: Model for Structured Soils (Kavvadas and Amorosi, 2000) 

The model is characterised by two surfaces: a plastic yield envelope (PYE) that 

encloses the elastic domain, and a larger bond strength envelope (BSE) to simulate the 

effects of structure. The PYE can be arbitrarily small to simulate the actual behaviour of 

naturals soils that are truly elastic only in a very limited domain. Plastic strains can 

develop inside the BSE, initiating the destructuration process although the rate of 

structure degradation is low until the current stress state touches the BSE. 

Two possibilities are given to simulate the elastic behaviour: one is a hypoelastic 

formulation as in the Cam-Clay model, the other one is the hyperelasticity proposed by 

Houlsby (1985). In the first case, it is required to define the value of the slope of the 

swelling line, , and the stiffness ratio (G/K), implying that it is constant and that it may 

lead to non-conservative behaviour, especially during cyclic loading. Instead, with  as 

the mean pressure p, and s as the deviatoric tensor, the elastic stress increments �̇� 

and �̇� are given by the following equations according to the hyper-elastic formulation: 

 �̇� = 𝑝𝑟𝑒
(
𝜀𝑣
𝑒

𝑘∗
)
{
1

∗
[1 + (

3𝛼∗

2∗
) (휀𝑞

𝑒)
2
] 휀�̇�

𝑒 +
2𝛼∗

∗
(𝒆𝒆 ∙ �̇�𝒆) } 

3-57 

 �̇� = 𝑝𝑟𝑒
(
𝜀𝑣
𝑒

𝑘∗
)
[
2𝛼∗

∗
𝒆𝒆휀�̇�

𝑒 + 2𝛼∗�̇�𝒆] 3-58 

The quantity 휀𝑣
𝑒
 indicates the volumetric component, 𝒆𝒆 is the deviatoric component of 

the total strain tensor e, and 휀𝑞
𝑒 = √

2

3
(𝒆𝒆: 𝒆𝒆). 

The use of hyper-elasticity requires the definition of a reference pressure pr, the slope 

of the swelling line * in the bi-logarithmic plane, and the elastic shear parameter *. 

The equations describing the characteristics surfaces are expressed in the general 

stress space and have the form of an ellipsoid. The bond strength envelope may be 

centred in an arbitrary point of the stress space, meaning that it does not necessarily 

pass through the origin of the stress space or be defined only along the positive side of 

the mean pressure axis: 

 𝑓𝐵𝑆𝐸 =
1

𝑐2
(𝒔 − 𝒔𝑲): (𝒔 − 𝒔𝑲) + (− 𝐾) − 𝛼

2 = 0 
3-59 
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The centre of the BSE is 𝑲 = {𝐾, 𝒔𝑲}
𝑇

 with 𝑲 = 𝒔𝑲 + 𝐾𝑰 (I is the isotropic unit 

tensor),  is the dimension of half of the horizontal axis of the ellipsoid and c is the 

measure of half of the vertical axis of the BSE (Figure 3-22). To account for the 

variability of the size of the BSE along each deviatoric axis, a different value of the 

eccentricity c may be chosen. In that case, considering s in the transformed deviatoric 

hyper-plane, i.e. {𝑆1, 𝑆2, 𝑆3, 𝑆4, 𝑆5}, equation 3-59 can be written as: 

 𝑓𝐵𝑆𝐸 =∑
1

𝑐𝑖
2

5

𝑖=1

(𝑆𝑖 − 𝑆𝐾𝑖): (𝑆𝑖 − 𝑆𝐾𝑖) + (− 𝐾) − 𝛼
2 = 0 

3-60 

Equation 3-59 may reduce to the equation of Modified Cam-Clay model, when sK is 

equal to zero (the BSE centre belongs to the isotropic axis) and  = K (the BSE passes 

through the origin of the stress space).  

It is assumed that the PYE is geometrically similar to the BSE and scaled by a factor , 

whose value must be much lower than 1 to simulate a small elastic domain: 

 𝑓𝑃𝑌𝐸 =
1

𝑐2
(𝒔 − 𝒔𝑳): (𝒔 − 𝒔𝑳) + (− 𝐿) − (𝛼)

2 = 0 
3-61 

where 𝑳 = {𝐿 , 𝒔𝑳}
𝑇

 is the centre of the PYE described by 𝑳 = 𝒔𝑳 + 𝐿𝑰,  and 

c are the dimensions of half of the horizontal and vertical axis, respectively. As for 

the BSE, it could be possible to define a different eccentricity ci along each deviatoric 

axis. 

A representation of all model surfaces in the (q, p) plane is shown in Figure 3-22. 

Two hardening rules allow to model both the change in size of the two surfaces 

(isotropic hardening) and the position of their centre (kinematic hardening), due to 

plastic strains. 

The isotropic hardening law follows the evolution of  and, consequently, affects both 

the BSE and the PYE: 

 �̇� = 𝛼 {[
1 + 𝑒

− 
− 

𝑣
𝑒−𝜂𝑣𝜀𝑣

𝑝

] 휀�̇�
𝑝 + [𝜃𝑞 − 

𝑞
𝑒−𝜂𝑞𝜀𝑞

𝑝

] 휀�̇�
𝑝} 3-62 

The quantities 휀𝑣
𝑝

 and 휀𝑞
𝑝

 are the accumulated plastic volumetric and deviatoric strains, 

respectively, e is the void ratio,  and  are the slopes of the normal compression line 

and the swelling line, referred to the intrinsic state of the material in the (e, ln p) plane. 
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The parameters  and η are degradation factors and are referred to the volumetric or 

deviatoric strains, depending on the subscript letter (v or q): they define the rate of 

volumetric or deviatoric degradation in an exponential damage-type form. This form 

decays at large accumulated plastic strains with a rate that depends on the positive 

value of . Positive values of  tend to reduce the size of the envelopes. The parameter 

q is a degradation factor that can be used to add permanent structure degradation or 

hardening due to the deviatoric plastic increment. If all degradation parameters are set 

to zero, equation 3-62 is equivalent to the isotropic hardening law adopted in the Cam-

Clay models. 

 

Figure 3-22 - MSS model surfaces (Kavvadas and Amorosi, 2000). 

Both the centre of the BSE and of the PYE may change due to plastic strains, according 

to kinematic hardening rules. 

When the current stress state is inside the BSE, the centre K changes as: 

 �̇�𝑲 =
�̇�

𝛼
𝝈𝑲 

3-63 

Equation 3-63 describes a translation along a radial path that passes through the origin. 

This means that the angle of the line 𝑂𝐾̅̅ ̅̅  with the isotropic axis, used as a measure of 

the bond strength anisotropy, does not change (Figure 3-22). 

When the current stress state is on the BSE, the evolution of the centre K is given by: 
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 �̇�𝑲 =
�̇�

𝛼
𝝈𝑳 + 

�̇�

𝛼
(𝒔 − 

𝜎

𝜎𝐾
𝒔𝑲) 

3-64 

The second term in equation 3-64 depends on two parameters,  and , and causes 

the centre K to deviate from the initial 𝑂𝐾̅̅ ̅̅  direction, modifying the bond strength 

anisotropy. 

The evolution of the centre L of the PYE is also different for states that are on or inside 

the BSE. In the first case, it must be guaranteed that the two surfaces remain in contact 

in the current stress point, i.e. the centre L depends on the position of K: 

 

𝝈 − 𝝈𝑳
𝛼

=
𝝈 − 𝝈𝑲
𝛼

→ 𝝈𝑳 = (1 − )𝝈 + 𝝈𝑲 3-65 

When the current stress state is inside the BSE, the PYE is dragged by the current stress 

increment such that the evolution depends on the distance between the current stress 

state and its conjugate point on the BSE (i.e. characterised by the same normal vector), 

and it must ensure that the two surfaces do not intersect: 

 �̇�𝑳 =
�̇�

𝛼
𝝈𝑳 + �̇�𝜷 

3-66 

The vector  connects the current stress and the conjugate stress (Figure 3-22): 

 𝜷 =
1


(𝝈 − 𝝈𝑳) − (𝝈 − 𝝈𝑲) 

3-67 

The factor �̇� is determined from the consistency condition, such that the current stress 

state remains on the PYE during a plastic stress increment: 

 �̇� =

1
𝑐2
(𝒔 − 𝒔𝑳): (�̇� −

�̇�
𝛼 𝒔 +

(𝝈 − 𝝈𝑳) (�̇� −
�̇�
𝛼 𝝈))

𝛼2 − [
1
𝑐2
(𝒔 − 𝒔𝑳): (𝒔 − 𝒔𝑲) + (𝝈 − 𝝈𝑳)(𝝈 − 𝝈𝑲)]

 

3-68 

An associated flow rule is assumed, meaning that the plastic potential coincides with 

the plastic yield envelope and that the plastic strain increment can be written as: 

 �̇�𝒑 = ̇
𝜕𝑓𝑃𝑌𝐸
𝜕𝝈

 
3-69 

The parameter ̇ is the plastic multiplier, equal to: 

 ̇ =
1

𝐻
(
𝜕𝑓𝑃𝑌𝐸
𝜕𝝈

: �̇�) 
3-70 
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The quantity H represents the plastic modulus that can assume two different values 

depending on the current stress state: if this is on the BSE, the plastic modulus Hc can 

be derived from the consistency condition (𝑓�̇�𝑆𝐸 = 0); otherwise, it is imposed a 

continuous variation of its value Hi depending on the degree of approach of the PYE to 

the BSE, i.e. an interpolation rule. 

The value of Hc can be calculated imposing: 

 𝑓�̇�𝑆𝐸 = 0 →
𝜕𝑓𝐵𝑆𝐸
𝜕𝝈

: �̇� +
𝜕𝑓𝐵𝑆𝐸
𝜕𝝈𝑲

: �̇�𝑲 +
𝜕𝑓𝐵𝑆𝐸
𝜕𝒔𝑲

: �̇�𝑲 +
𝜕𝑓𝐵𝑆𝐸
𝜕𝛼

: �̇� = 0 
3-71 

By solving equation 3-71, it is possible to obtain:  

 𝐻𝑐 = 2𝑅𝑇 
3-72 

Where: 

 𝑅 = {
1 + 𝑒

− 
− 

𝑣
𝑒−𝜂𝑣𝜀𝑣

𝑝

} 𝑃 + (𝑠𝑖𝑔𝑛̇) {𝜃𝑞 − 
𝑞
𝑒−𝜂𝑞𝜀𝑞

𝑝

}√
2

3
𝑷′: 𝑷′ 

3-73 

with P and P’ being the volumetric and deviatoric components of the plastic potential 

tensor P, and: 

 𝑇 = (− 𝐾)+
1

𝑐2
(𝒔 − 𝒔𝑲): [𝒔 +  (𝒔 − 



𝐾
𝒔𝑲)] 

3-74 

The interpolation rule used to calculate the plastic modulus Hi when the PYE is inside 

the BSE but not in contact with it, is given by: 

 𝐻𝑖 = 𝐻′′ + |𝐻′′| {[1 −
𝛿

𝛿0
]
−𝛾

− 1} 
3-75 

The parameter  is the normalised length of the vector  and 0 is the value of  at the 

initiation of yielding (i.e. it is reset to  when yielding is reinitiated). At the beginning, 

the value of the ratio 
𝛿
𝛿0
⁄ is equal to 1, while it decreases with the PYE moving towards 

the BSE, until it becomes zero when the current stress state lies on the BSE (i.e. the 

current stress coincides with the conjugate point). The exponent  regulates the rate of 

variation of Hi, between an infinite value upon initiation of yielding and H’’ when the 

stress state is on the BSE. 
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The parameter H’’ represents the plastic modulus at a state corresponding to point M’’ 

(Figure 3-22), i.e. a point on the BSE found by the intersection of the line passing 

through 𝑂𝑀̅̅ ̅̅ ̅ and the BSE. 

Table 3-7 summarises the parameters required to fully describe the model. 

 

Parameter Description 

 Slope of the normal compression line in the (v, ln p) plane 

 Slope of the swelling line in the (v, ln p) plane 

G/K Stiffness ratio (if hypoelasticity) 

* Elastic shear parameter (if hyperelasticity) 

pr Reference pressure (if hyperelasticity) 

c Ratio of the vertical axis over the horizontal axis of the BSE 

 Ratio of the PYE over the BSE 

 Half-size of the horizontal axis of the BSE 

v Volumetric structure degradation factor 

v Exponential volumetric structure degradation factor 

q Deviatoric structure degradation factor 

q Exponential structure degradation factor 

q Deviatoric permanent destructuration or hardening factor 

 Angle of deviation from the radial stress path 

 Rate of movement of the BSE in the stress space 

 Exponent of the normalised distance of the interpolation plastic modulus 

Table 3-7 - List of parameters characterising the MSS model. 

3.2.4 SCLAY-1S: Soft Clay with Structure (Koskinen et al., 2002) 

The model SCLAY-1S is an extension of the SCLAY-1 model described in paragraph 

3.1.3. Although the base model was originally proposed to be used for the simulation 

of the behaviour of soft natural clays, simulations of multi-stage triaxial tests on 

reconstituted and anisotropically consolidated POKO clay (Koskinen et al., 2002a) 

demonstrated that SCLAY-1 can successfully simulate the behaviour of a reconstituted 

soft clay where the initial and strain-induced anisotropy are relevant and bonding is 

absent (Koskinen et al., 2002b). 
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In the SCLAY-1S model, the effects of structure and destructuration are modelled, 

together with the anisotropy and its evolution, due to plastic strains. 

The outer surface representing the initial degree of structure has the same expression 

as the yield surface of the SCLAY-1 model, but considering pm larger than the value of 

the intrinsic yield curve pmi, to express the degree of bonding (Figure 3-23): 

 𝑓 = (𝑞 − 𝛼𝑝)2 + 𝑝(𝑀2 − 𝛼2)(𝑝 − 𝑝𝑚) = 0 
3-76 

 𝑝𝑚 = (1 + )𝑝𝑚𝑖 
3-77 

The model is characterised by the same volumetric and rotational hardening laws as 

SCLAY-1 (equation 3-11 and 3-16), with the first one expressed in terms of pmi, that, at 

the same time, determines a variation of pm: 

 

�̇�𝑚𝑖 =
𝑣휀�̇�

𝑝

− 
𝑝𝑚𝑖 3-78 

The authors specify that the values of  and  refer to the slope of the normal 

compression line and of the swelling line of the intrinsic material. This is based on the 

assumption that for a material without bonding, as the reconstituted material, the 

increase in size of the yield curve is due solely to particle rearrangement in a denser 

configuration, as represented by the plastic volumetric strains. 

In addition to the hardening rules, a destructuration rule is necessary to simulate 

bonding degradation due to plasticity: 

 ̇ = −𝑎[|휀�̇�
𝑝| + 𝑏|휀�̇�

𝑝|] 3-79 

The parameter a controls the absolute rate of destructuration and b controls the relative 

effectiveness of plastic volumetric and plastic deviatoric strains. 

Plastic strains are determined according to an associated flow rule, as in equation 3-15. 
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Figure 3-23 - SCLAY-1S model surfaces (adapted from Yildiz et al., 2009). 

Table 3-8 summarises the parameters required to fully describe the model. 

 

Parameter Description 

 Slope of the intrinsic normal compression line in the (v, ln p) plane 

 Slope of the intrinsic swelling line in the (v, ln p) plane 

e0 Initial void ratio 

’ Coefficient of Poisson 

M Stress ratio at critical state 

 Inclination of the yield curve 

 Initial bonding 

 Absolute rate in the rotational hardening 

 Relative effectiveness of plastic volumetric and deviatoric strains in the rotational 

hardening 

pm Initial size of the structure surface 

a Absolute rate of destructuration 

b Relative effectiveness of plastic volumetric and plastic deviatoric strains 

Table 3-8 - List of parameters characterising the SCLAY-1S model. 
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3.2.5 B-SCLAY1S: Bubble model for Soft Clay with Structure (Sivasithamparam 

and Karstunen, 2012) 

The B-SCLAY1S model represents an extension of the SCLAY-1S model described in 

paragraph 3.2.4, to account not only for the bonding effect but also for the history 

effects. The model is characterised by three surfaces: a bounding surface fs that 

describes the magnitude of structure, an intrinsic surface fi that represents the 

corresponding reconstituted material, a bubble surface fb that encloses the truly elastic 

region. 

The equations for the bounding and intrinsic surfaces are the same as equation 3-76 

and 3-14, respectively, but they are re-formulated in the same form as the bubble 

surface equation: 

 𝑓𝑠 =
(𝑞 − 𝛼𝑝)2

𝑀2 − 𝛼2
+ (𝑝 −

𝑝𝑚
2
)
2

− (
𝑝𝑚
2
)
2

= 0 
3-80 

 𝑓𝑖 =
(𝑞 − 𝛼𝑝)2

𝑀2 − 𝛼2
+ (𝑝 −

𝑝𝑚𝑖
2
)
2

− (
𝑝𝑚𝑖
2
)
2

= 0 
3-81 

 𝑓𝑏 =
[(𝑞 − 𝛼𝑝) − (𝑞𝑏 − 𝛼𝑝𝑏)]

2

𝑀2 − 𝛼2
+ (𝑝 − 𝑝𝑏)

2 − 𝑅2 (
𝑝𝑚
2
)
2

= 0 
3-82 

The parameter pm is larger than pmi by a factor  that represents the amount of bonding 

(equation 3-77), {𝑝𝑏, 𝑞𝑏} are the coordinates of the centre of the bubble surface, R is 

the ratio of the size of the bubble surface over the bounding surface, and  is a degree 

of plastic anisotropy of the material (Figure 3-24). 

The surfaces can modify their size according to an isotropic hardening rule, that links 

the evolution of pmi (and pm) to the volumetric plastic strain increment 휀�̇�
𝑝

 (equation 

3-78), and a destructuration law that tends to reduce the value of the bonding parameter 

 to zero (equation 3-79), as for the SCLAY-1S model. 

The rotational hardening rule controls the rotation of all surfaces through the evolution 

of the parameter , and is the same as for the SCLAY-1 and SCLAY-1S models: 

 �̇� = 𝜇 [(
3

4

𝑞

𝑝
− 𝛼) 〈휀�̇�

𝑝〉 + 𝛽 (
1

3

𝑞

𝑝
− 𝛼) |휀�̇�

𝑝|] 3-83 
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In addition, a kinematic hardening rule is necessary to describe the movement of the 

bubble surface and it is based on the translation rules used in the model by Al-Tabbaa 

and Muir Wood (1989), described in paragraph 3.1.4: 

 [
�̇�𝑏
�̇�𝑏
] =

�̇�𝑚
𝑝𝑚

[
𝑝𝑏
𝑞𝑏
] + 𝑆 [

𝑝 − 𝑝𝑏
𝑅

− (𝑝 − 𝑝𝑚)

(𝑞 − 𝑝) − (𝑞𝑏 − 𝑝𝑏) 

𝑅
− (𝑞 − 𝛼𝑝)

] 3-84 

The scalar quantity S can be derived imposing the consistency condition of the bubble 

surface. When the bubble and the bounding surfaces are in contact in the current stress 

state, the second part of equation 3-84 becomes equal to zero. 

The model assumes an associated flow rule, with the plastic potential equal to fb and 

the plastic modulus H given by the sum of Hi, depending on the proximity of the bubble 

to the bounding surface, and Hc, obtained when the two surfaces are in contact. 

The expression of Hi is derived from Al-Tabbaa and Muir Wood (1989) and is described 

in Sivasithamparam (2012). 

 

Figure 3-24 - B-SCLAY1S model surfaces (Sivasithamparam and Karstunen, 2012). 

Table 3-9 summarises the parameters required to fully describe the model. 

 

 



 

146 

 

Parameter Description 

 Slope of the intrinsic normal compression line in the (v, ln p) plane 

 Slope of the intrinsic swelling line in the (v, ln p) plane 

e0 Initial void ratio 

’ Coefficient of Poisson 

M Stress ratio at critical state 

 Inclination of the yield curve 

 Initial bonding 

R Ratio of the bubble surface over the bounding surface 

 Absolute rate in the rotational hardening 

 Relative effectiveness of plastic volumetric and deviatoric strains in the rotational 

hardening 

pm Initial size of the structure surface 

a Absolute rate of destructuration 

b Relative effectiveness of plastic volumetric and plastic deviatoric strains 

 Exponent in the interpolation plastic modulus 

Table 3-9 - List of parameters characterising the B-SCLAY1S model. 

3.3 Constitutive models for soft rocks 

3.3.1 A constitutive model for soft rocks by Desai and Salami (1987) 

The model is formulated following a hierarchical concept that starts from modelling the 

basic isotropic hardening with associative behaviour and can be expanded (Desai et 

al., 1986) to account for: 

• isotropic hardening with non-associative behaviour; 

• general anisotropic hardening; 

• strain-softening with a damage variable. 

A single yield surface F is modelled, according to the following equation: 

 𝐹 = 𝐽2𝐷 − (−
𝛼

𝛼0
𝐽1
𝑛 + 𝛾𝐽1

2) (1 − 𝛽𝑆𝑟)
𝑚

 3-85 

It is represented in the (𝐽1, √𝐽2𝐷) space in Figure 3-25. J1 is the first order invariant of 

the stress tensor  and is equal to (1+2+3), J2D is the second order invariant of the 
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deviatoric stress tensor s and is equal to 
1

2
(𝒔): (𝒔), Sr is the stress ratio, , n, ,  and 

m are response functions, 0 is a reference stress, equal to 1. 

 

Figure 3-25 - Representation of the yield surface (Desai and Salami, 1987). 

To account for tensile strength and cohesion, the yield function (equation 3-85) is 

expressed as a function of *, i.e.: 

 𝝈∗ = 𝝈 + 𝑅𝑰 3-86 

A value of R different from zero indicates a cohesive material. 

Inside the yield function, the behaviour is elastic and defined by the bulk modulus K 

and the coefficient of Poisson . 

The functions ,  and m are associated with the ultimate state, where  is zero and it 

represents the locus of the stress states asymptotic to the observed stress-strain 

curves. As a simplification,  and m are considered constants, while  is a function of 

the stresses: 

 𝛽 = 𝛽0𝑒
−𝛽1𝐽1  3-87 

The parameters 0 and 1 are constants. Equation 3-87 allows modelling a change in 

the shape of the yield surface with J1, since it was observed that many rocks exhibit a 

triangular-shaped yield surface with rounded corners at low pressure and a circular 

shape at high pressure, in the absence of significant cracking (Figure 3-26) (Desai and 

Salami, 1987). 
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The response function n is associated with the point of phase change (PC in Figure 

3-27) indicating the zero-volume change, and it is usually a factor of the initial density 

and confinement, but it can also be assumed to be a constant. 

A hardening rule is specified for the evolution of  with both the volumetric and the 

deviatoric component of the plastic strains: 

  =
𝛼1
1

 3-88 

The parameters 1 and 1 are hardening constants, while  is the trajectory of the total 

plastic strains. 

 

Figure 3-26 - Variation of shape of ultimate yield with J1 (Desai and Salami, 1987). 
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Figure 3-27 - Phase change and critical states in the volumetric plane (Desai and Salami, 1987). 

The list of parameters is shown in Table 3-10 summarises the parameters required to 

fully describe the model. 

 

Parameter Description 

K Bulk modulus 

’ Coefficient of Poisson 

R Cohesion or tensile strength component 

 Constant for ultimate behaviour 

m Constant for ultimate behaviour 

0 Constant of the response function  

1 Constant of the response function  

1 Hardening constant 

1 Hardening constant 

Table 3-10 - List of parameters characterising the model by Desai and Salami (1987). 
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3.3.2 Constitutive model formulations for soft rocks by Nova and co-workers: 

evolution from 1986 to 2003 

This paragraph follows the main improvements and modifications that have been done 

during the years by Nova and co-workers to create a model suitable to describe the 

behaviour of soft rocks. 

In his original paper, Nova (1986) showed that the conceptual structure of constitutive 

models for granular materials could be taken as a starting point to model the mechanical 

behaviour of soft rocks. Some of the characteristics that are highlighted are: 

• transition from brittle to ductile behaviour with increasing confining pressure; 

• elastic anisotropy; 

• influence of temperature and time. 

If the lithification process is described through a finite value of the preconsolidation 

pressure, such that the yield surface does not start from a point in the origin of stresses, 

at low confining pressures, the idealised behaviour of the rock would be elastic up to 

the yield locus and it would be followed by a considerable loss of strength due to the 

shrinkage of the yield locus. This results in a brittle collapse of the surface. If the 

confining pressure is high, after an initial elastic behaviour within the yield surface, 

plastic strains would develop, accompanied by an expansion of the yield locus: failure 

is reached asymptotically for very large strains. 

The Cam-Clay model can already qualitatively model this transition in the material 

behaviour depending on the status being on the dry or wet side of critical state, having 

a finite value for the preconsolidation pressure. 

To account for transverse isotropy of the soft rock, Nova (1986) proposed a 

modification of the yield surface formula by defining a symmetric tensor Aijrs: 
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 𝐴𝑖𝑗𝑟𝑠 =

[
 
 
 
 
 
 
 
 
 
 
𝑎 𝑏 𝑏 0 0 0 0 0 0
𝑏 𝑑 𝑒 0 0 0 0 0 0
𝑏 𝑒 𝑑 0 0 0 0 0 0
0 0 0 𝑐 𝑐 0 0 0 0
0 0 0 𝑐 𝑐 0 0 0 0
0 0 0 0 0 𝑐 𝑐 0 0
0 0 0 0 0 𝑐 𝑐 0 0

0 0 0 0 0 0 0
𝑑 − 𝑒

2

𝑑 − 𝑒

2

0 0 0 0 0 0 0
𝑑 − 𝑒

2

𝑑 − 𝑒

2 ]
 
 
 
 
 
 
 
 
 
 

 
3-89 

such that Aijrs = Arsij = Aijsr = Ajirs and where a, b, c, d, e are five material 

parameters. The tensor is used in the yield formula: 

 𝑓 = (
3

2

𝑖𝑗
𝐴𝑖𝑗𝑟𝑠𝑟𝑠)

1
2
+𝑀 ln

𝑝

𝑝𝑐
= 0 

3-90 

with: 

 
𝑖𝑗
=
𝑠𝑖𝑗

𝑝
 3-91 

remembering that sij is the stress deviator. The representation of the yield loci for 

different sample inclinations, , is shown in Figure 3-28. 

Finally, temperature and time can be considered to influence the evolution of the yield 

locus in an opposite way: an increase in temperature causes a shrinkage of the yield 

surface (Figure 3-29), while it expands with constant stress as an effect of ageing. 

The modification to the yield surface proposed to include the temperature effect is: 

 𝑓 =
𝑞

𝑝
+𝑀 ln

𝑝

𝑝𝑐
+𝑀

𝛽


∆𝑇 = 0 

3-92 

The parameter  is a material constant that contributes to the evolution of the 

preconsolidation pressure: 

 𝑝𝑐 = 𝑝𝑐0𝑒
−
𝛽

∆𝑇

 
3-93 
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Figure 3-28 - Predicted yield loci for different sample inclinations (Nova, 1986). 

 

Figure 3-29 - Stress path and deviatoric stress-strain relations indicating shrinkage of yield locus and brittle-ductile 

transition due to temperature increase (Nova, 1986). 

Yield loci at constant temperature should become parallel straight lines in a semi-

logarithmic plot, at a distance proportional to temperature increase (Figure 3-30). 

Shrinkage of the yield locus cannot continue indefinitely: if the state of stress remains 

fixed, the yield locus cannot contract further. The decrease of pc due to the temperature 

increase must then be compensated by an increase in pc due to plastic strains. This 

volume expansion should stop at a certain temperature or at least continue to increase 

at a reduced rate equal to that appropriate within the yield locus. After a complete 
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temperature cycle the yield locus should be expanded by an amount which is equal to 

the plastic strains experienced during temperature increase. 

 

Figure 3-30 - Representation of yield surfaces on semi-log plot for different temperatures (Nova, 1986). 

Time effects are similar to those due to temperature but opposite. In fact, during ageing, 

the yield locus can be considered to expand at constant stresses, allowing to describe 

secondary consolidation and other creep phenomena of normally consolidated clay. 

Modelling of creep is complicated since creep occurs even if the state of the sample is 

within the yield locus and because the effects of temperature and time are coupled. 

Although a good qualitative agreement was found between the model simulation and 

the experimental results on Solenhofen limestone (Heard, 1960), the quantitative 

comparison was far from being satisfactory and some points of improvements were 

suggested by Nova: 

• tensile strength of the rock; 

• damaging of the material due to loading or temperature; 

• smoother transition from very stiff elastic response to plastic behaviour; 

• refined expression of the yield surface to avoid overestimation of strength in 

triaxial extension. 
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Lagioia and Nova (1993) propose a mathematical model that belongs to the class of 

elastoplastic strain hardening constitutive laws described by Gens and Nova (1993) 

and includes some of the points listed above.  

As Leroueil and Vaughan (1990) have shown, similar patterns of behaviour are 

observed in materials with bonds of geological origin (weak and weathered rocks, stiff 

clays, aged sands, residual soils), in artificially cemented soils and grouted sands. Two 

basic concepts lie at the centre of the framework proposed: the fundamental role played 

by yield phenomena and the need of considering the behaviour of bonded material in 

relation with the behaviour of the equivalent unstructured material. 

Yield represents the difference in behaviour before and after a certain threshold is 

reached: for some materials the transition is sharp, while for others it is smoother. In 

all cases, the behaviour before yield is considered to be very stiff and elastic, and the 

threshold is dependent on the stress state. The elastic behaviour is modelled through 

hypoelasticity, by defining the slope of the swelling line  and the coefficient of Poisson. 

The threshold is represented by a closed surface in the stress space, evolving with the 

plastic strains in a measure that depends on the plastic modulus. 

Effects of bonding on the initial elastic domain are both a real cohesion and tensile 

strength that make the yield surface enlarge to the left of the stress diagram, and the 

possibility to apply a larger mean pressure to the material without causing it to yield 

(i.e. the difference in void ratio between the bonded and unbonded material) translating 

into an increased size of the yield surface also on the right of the stress space. 

The proposed yield surface is described as: 

 𝑓 = 3(− 3) ln
𝑝∗

𝑝𝑐 + 𝑝𝑡(1 + 𝛼)
− 𝛾𝐽3∗ +

9

4
(𝛾 − 1)𝐽2∗ = 0 

3-94 

The parameter  controls the shape of the surface,  is related to the friction angle at 

failure, pc is the size of the yield surface of the unbonded material, pt represents the 

bond strength both in tension and in compression (through the parameter ), p* is 

equal to (𝑝 + 𝑝𝑡), 𝐽2∗ and 𝐽3∗ are the second and third order deviatoric invariants, 

given by: 

 𝐽2∗ = 
𝑖𝑗
∗ 

𝑖𝑗
∗

 3-95 
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 𝐽3∗ = 
𝑖𝑗
∗ 

𝑗𝑘
∗ 

𝑘𝑖
∗

 3-96 

with ij as described by equation 3-91. The surfaces of the unbonded and bonded 

material are shown in Figure 3-31. 

 

Figure 3-31 - Initial yield locus of the bonded and unbonded material (Lagioia and Nova, 1993). 

The yield surface evolves according to the following two hardening rules: 

 
𝑝𝑐 = 𝑝𝑐0𝑒

(
𝜀𝑣
𝑝
+𝐽2𝑒
𝐵𝑝

)
 

3-97 

 𝑝𝑡 = 𝑝𝑡0𝑒
(−∫|�̇�𝑣

𝑝
|)

 
3-98 

 and Bp are constitutive parameters related to the evolution of pc from its initial value 

pc0, and  is a parameter that regulates the damaging due to the absolute value of the 

accumulated volumetric plastic strains. The quantity 𝐽2𝑒 is a function of the plastic 

strain deviator. The parameter Bp represents the slope of the compression line in the 

(e, ln p) plane, while  is linked to the dilatancy of the material at failure. 

Plastic strain rates are given by: 

 �̇�𝒑 = 
𝜕𝑔

𝜕
 

3-99 

where: 

  =
1

𝐻

𝜕𝑓

𝜕𝝈
�̇� 

3-100 

 𝐻 = −
𝜕𝑓

𝜕𝑝𝑘

𝜕𝑝𝑘
𝜕휀𝑝

𝜕𝑔

𝜕𝝈
 

3-101 
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 𝑔 = 9(− 3) ln
𝑝∗

𝑝𝑔
− 𝛾𝐽3∗ +

9

4
(𝛾 − 1)𝐽2∗ = 0 

3-102 

The parameter pk represents the hardening rule, that can be pc or pt, while pg is a 

dummy parameter since only the derivative of the plastic potential g is needed. The 

model can be used to simulate both an associated and a non-associated flow rule. In 

fact, when  is equal to 3, g coincides with f, i.e. the plastic strain increment is 

perpendicular to the yield surface in the current stress point. The hardening modulus 

depends on pk, i.e. on both pc and pt, such that: 

 𝐻 = 𝐻𝑠 + 𝐻𝑑 
3-103 

Hs can be positive or negative depending on the direction of the plastic volumetric 

vector (evolution of pc) and Hd is always negative, describing the damaging (evolution 

of pt) (Figure 3-32). 

 

Figure 3-32 - Evolution of the yield surfaces: a) in the Hs > 0 region (Hs > Hd); b) in the Hs < 0 region (Hs + Hd < 0) 

(Gens and Nova, 1993). 

The model has been subsequently improved by Lagioia and Nova (1995). The size of 

the yield function is defined by three parameters ps, pt and pm, such that ps is the 

dimension of the surface of the unbonded material, pt represents the tensile strength 

of the material and pm the difference between the bonded material strength on the 

compression side and ps (Figure 3-33). The role of ps is the same as pc in the previous 

version of the model and its evolution is described by equation 3-97, while pt varies 

according to equation 3-98. The evolution of pm is described by: 
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𝑝𝑚 = 𝑝𝑚0𝑒

(−𝑚(∫|�̇�𝑣
𝑝
|)
3
)
 

3-104 

The quantity m represents the velocity of debonding. Note that deviatoric plastic strains 

are not playing any role in the destructuration process simulated by this model. 

 

Figure 3-33 - Initial yield surface of cemented and uncemented soil and evolution during destructuration (Lagioia 

and Nova, 1995). 

Consequently, the plastic modulus is given by the sum of three terms (one for each 

hardening variable): 

 𝐻 = 𝐻𝑠 + 𝐻𝑑𝑡 + 𝐻𝑑𝑚 3-105 

Hdt and Hdm are always negative and related to the destructuration, while Hs can be 

positive or negative depending on the stress state and the history of loading. 

The plastic potential is assumed to be given by two expressions depending on the state 

of the material: one for the destructuration phase, one for the situation in which the 

bonds have been destroyed completely. In the first case, the plastic potential is 

determined by integrating the dilatancy rule obtained by linear regression of the 

experimental data: 

 
𝑞

𝑝
= 𝑀𝑔 − 𝜇𝑔𝑑 

3-106 

such that Mg is the stress ratio at zero dilatancy and g is the slope of the line (Figure 

3-34). The plastic potential in the destructuration phase is given by: 
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 𝑔 = 𝐽2∗ −
2

3
{
𝑀𝑔

1 − 𝜇𝑔
[1 − 𝜇𝑔 (

𝑝

𝑝𝑑
)

1−𝜇𝑔
𝜇𝑔

]}

2

= 0 
3-107 

where pd is a dummy parameter. 

The plastic potential for the unbonded material is given by the same expression of 

equation 3-102. 

 

Figure 3-34 - Dilatancy rule (Lagioia and Nova, 1995). 

It is worth mentioning that, in this model, the elastic behaviour is described by constant 

bulk and stiffness moduli, K and G. 

Finally, the model has been improved by Nova et al. (2003) to include, among others, 

the possibility to simulate chemical degradation. Additional modifications are 

introduced to better simulate the elastic behaviour, the evolution of the yield surface 

and the calculation of the plastic strains. 

The elastic stiffness matrix De is calculated as a function of the energy potential 

(휀𝑣
𝑒 , 휀𝑞

𝑒) such that: 

 𝑫𝒆 =
𝜕2

𝜕휀𝑒 𝜕휀𝑒
 

3-108 
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The hyperelastic formulation ensures that the elastic response is energy-conservative, 

and it additionally captures the pressure-dependence of the elastic stiffness moduli. A 

slight modification of the expression given by Borja and Tamagnini (1998) is assumed 

for the energy potential: 

 (휀𝑣
𝑒 , 휀𝑞

𝑒) = ̃(휀𝑣
𝑒) +

3

2
[𝐺0 +

𝛼

̂
̃(휀𝑣

𝑒)] (휀𝑞
𝑒)
2
 

3-109 

For 휀𝑣
𝑒 ≥ ̂: 

 ̃(휀𝑣
𝑒) = ̂𝑝𝑟𝑒

𝜀𝑣
𝑒

̂
−1
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For 휀𝑣
𝑒 < ̂: 

 ̃(휀𝑣
𝑒) = 𝑝𝑟휀𝑣

𝑒 + 𝑝𝑟
(휀𝑣
𝑒 − ̂)2

2̂
 

3-111 

The parameter ̂ is the slope of the swelling line, while G0 and  characterise the shear 

stiffness. Note that, in this formulation, the volumetric and deviatoric elastic responses 

of the material are coupled, such that deviatoric stress changes may occur under purely 

volumetric strain paths and mean stress changes may occur for purely deviatoric stress 

paths. When  is set to zero, there is no coupling, and the shear stiffness is constant 

and equal to G0. 

The expressions used for the versatile function proposed by Lagioia et al. (1996) is 

modified and used for both yield function and plastic potential: 

 
𝑓
𝑔
} = 𝐴ℎ

𝐾1ℎ
𝐶ℎ 𝐵ℎ

𝐾2ℎ
𝐶ℎ 𝑝∗ − 𝑝𝑐ℎ

∗ = 0 
3-112 

The letter h stands for f or g depending on the surface considered (if yield or plastic 

potential). Consider that the current stress state is represented by the three invariants 

p, q and S, i.e. mean pressure, deviatoric stress and trigonometric function of the Lode 

angle. Additionally, consider p* equal to (𝑝 + 𝑝𝑡), and pt proportional to pm of a factor 

k, and: 

 𝑝𝑐𝑓
∗ = 𝑝𝑠 + 𝑝𝑡 + 𝑝𝑚 3-113 

The expression above is equivalent to the previous version of the model, where the 

quantity representing pm was proportional to pt by a factor . The surfaces are 

represented as in Figure 3-31, with pm = pt. 
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The expressions for K1h and K2h are: 

 

𝐾1ℎ
𝐾2ℎ

} =
𝑚ℎ(1 − 𝑎ℎ)

2(1 − 𝑚ℎ)
{1 ± √1 −

4𝑎ℎ(1 − 𝑚ℎ)

𝑚ℎ(1 − 𝑎ℎ)2
} 

3-114 

The parameters ah and mh are material constants. The effect of the parameters ah and 

mh on the shape of the potential function and on the dilatancy rule is shown in Figure 

3-35 and Figure 3-36, respectively. 

 

Figure 3-35 - Effect of the parameter a on a) the dilatancy rule, b) the shape of the plastic potential. 

 

Figure 3-36 - Effect of the parameter m on a) the dilatancy rule, b) the shape of the plastic potential. 

The functions Ah, Bh and Ch are given by: 

 𝐴ℎ = 1 +
1

𝐾1ℎ𝑀ℎ(𝑆)

𝑞

𝑝∗
 

3-115 

 𝐵ℎ = 1 +
1

𝐾2ℎ𝑀ℎ(𝑆)

𝑞

𝑝∗
 

3-116 

 𝐶ℎ = (1 −𝑚ℎ)(𝐾1ℎ − 𝐾2ℎ) 
3-117 

where Mh(S) is (van Eekelen, 1980): 
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 𝑀ℎ(𝑆) = 𝑀𝑐ℎ𝑐1ℎ(1 + 𝑐2ℎ𝑆)
𝑛ℎ

 
3-118 

The parameters Mch and nh are material constants, while c1h and c2h are expressed as: 

 𝑐1ℎ =
1

2𝑛ℎ
[1 + (𝑐𝑀ℎ)

1
𝑛ℎ]

𝑛ℎ

 
3-119 

 𝑐2ℎ =
1 − (𝑐𝑀ℎ)

1
𝑛ℎ

1 + (𝑐𝑀ℎ)
1
𝑛ℎ

 
3-120 

The parameter cMh is a material constant and represents the ratio 𝑀𝑒ℎ 𝑀𝑐ℎ⁄  between 

the values of the function Mh in triaxial extension (S=-1) and compression (S=1). 

The scalar quantities ps, pt, pm represent the internal hardening variables, describing 

the effect of the previous loading history, that can be both mechanical and non-

mechanical. 

Two hardening rules are needed to describe the evolution of the preconsolidation 

pressure ps and of the interparticle bonds pm. Since pt is proportional to pm, it will follow 

the evolution of pm: 

 �̇�𝑠 = 𝜌𝑠𝑝𝑠(휀�̇�
𝑝 + 

𝑠
휀�̇�
𝑝) 3-121 

 �̇�𝑚 = −𝜌𝑚𝑝𝑚(|휀�̇�
𝑝| + 

𝑚
휀�̇�
𝑝) +

𝑝𝑚
𝜽
�̇� 

3-122 

The change in ps depends on both the volumetric and the deviatoric plastic strains, as 

a function of s, and the dilatancy s. The mechanical degradation of the material 

bonding occurs at a rate that depends on m and m, while the second term of equation 

3-122 describes the non-mechanical degradation. 

The number of model parameters is quite large, although the authors refer to Lagioia et 

al. (1996) and Castellanza (2002) for convenient values to be assumed for some 

parameters (independent on the material) and for guidelines on how to calibrate the 

remaining ones. 

The list of parameters shown in Table 3-11 summarises the parameters required to 

fully describe the model. 
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Parameter Description 

 Degree of coupling of volumetric and deviatoric elastic strains 

̂ Slope of the swelling line 

G0 Shear stiffness 

pr Reference pressure for the energy potential 

ps Preconsolidation pressure 

pm Degree of bonding 

k Factor of proportion between pm and pt 

af Constant defining the yield surface 

mf Constant defining the yield surface 

ag Constant defining the plastic potential 

mg Constant defining the plastic potential 

Mcf Value of the M function in compression for the yield surface 

Mef Value of the M function in extension for the yield surface 

Mcg Value of the M function in compression for the plastic potential 

Meg Value of the M function in extension for the plastic potential 

nf Exponent in the M function for the yield surface 

ng Exponent in the M function for the plastic potential 

s Slope of the compression line 

s Dilatancy 

m Absolute rate of mechanical destructuration 

m Rate of mechanical destructuration associated with deviatoric strains 

 Function describing the non-mechanical degradation 

Table 3-11 - List of parameters characterising the model by Nova et al. (2003). 

3.3.3 An anisotropic constitutive model for soft rocks by Oka et al. (2002) 

This model is based on the elasto-plastic constitutive model with strain softening 

proposed by Adachi and Oka (1995) and it is modified to include the possibility of 

simulating the anisotropic characteristics of soft rocks, due to the anisotropic 

microstructure formed during the sedimentation process (Oka et al., 2002). 

In this model, it is assumed that the soft rock is transversely isotropic, i.e. the 

mechanical behaviour is isotropic in the bedding plane. For simplicity, it is assumed 

that the direction of anisotropy is constant during plastic deformation. 
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Anisotropy of response is observed both in the elastic and in the plastic region (Graham 

et al., 1983). For the elastic behaviour, 5 independent parameters are required in the 

generalised Hooke’s law: Ex, Ey, xz, yx and Gyx. They can also be expressed as a 

function of , i.e. the angle between the sedimentation plane and the major principal 

stress axis. For the plastic behaviour, Boehler’s theory (Boehler and Sawczuk, 1977) is 

adopted, introducing the effect of anisotropy through a structural tensor M, defined by 

the tensor product of the unity vector normal to the sedimentation plane and equal to: 

 𝑴 = [
sin2 𝜃 − sin 𝜃 cos 𝜃 0

− sin 𝜃 cos 𝜃 cos2 𝜃 0
0 0 0

] 3-123 

When the sedimentation plane coincides with the major principal stress axis (Figure 

3-37a), M is equal to:  

 𝑴 = [
0
1
0
] [

0
1
0
] = [

0 0 0
0 1 0
0 0 0

] 3-124 

The representation of an anisotropy plane with an arbitrary inclination (i.e.   is not 

equal to zero) is shown in Figure 3-37b.  

 

Figure 3-37 - Sedimentation plane a) coinciding with major principal stress axis, i.e. =0; b) non-coinciding, i.e. 

0 (Oka et al., 2002). 

The model is characterised by a bounding surface that defines the boundary between 

the overconsolidated (fb < 0) and the normally consolidated (fb  0) regions (Figure 

3-38): 
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 𝑓𝑏 = ̂̅ + �̅�𝑚 ln
�̂�𝑚 + 𝑏

𝜎𝑚𝑏 + 𝑏
= 0 

3-125 

where b and mb are material parameters. The parameter ̂̅ is the stress ratio invariant 

given by the deviatoric and spherical component of the transformed stress tensor �̂�𝑖𝑗, 

depending on the model parameters ,  and . 

As in the original model by Adachi and Oka (1995), a non-associated flow rule is used 

to determine the plastic strain increments, based on a plastic potential function fp that 

differs from the bounding surface fb only for the stress ratio �̅�, instead of �̅�𝑚. �̅� 

becomes equal to �̅�𝑚 when the stress state has reached the normally consolidated 

region. 

The model is also characterised by a stress history tensor that keeps memory of stress 

with respect to the strain measure, depending on the parameter . 

 

Figure 3-38 - Plastic potential and overconsolidation bounding surface (Oka et al., 2002). 

Finally, the strain softening-hardening parameter  is assumed to increase with the 

plastic deviatoric strain increment, �̇�𝑝: 

 ̇ =
𝐺(𝑀𝑓

∗ − )
2

𝑀𝑓
∗ �̇�𝑝 

3-126 

𝑀𝑓
∗ is a value of the stress ratio at the large strain strength state and G is a model 

parameter. 
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A summary of the model parameters is given in Table 3-12. 

 

Parameter Description 

 Angle between the sedimentation plane and the major principal stress axis 

mb Overconsolidation bounding surface parameter 

b Overconsolidation bounding surface parameter 

𝑴𝒇
∗  Strain softening-hardening parameter at large strain 

G Strain softening-hardening parameter at large strain 

 Plastic anisotropic parameter 

 Plastic anisotropic parameter 

 Plastic anisotropic parameter 

�̅�𝒎 Stress ratio of the overconsolidation bounding surface 

Table 3-12 - List of parameters characterising the model for soft rock by Oka et al. (2002). 

3.3.4 Weak rock 2 (Boldini et al., 2019) 

This critical state-based model is formulated in the single-surface plasticity framework 

and is characterised by an hyperelastic formulation. 

The hyperelastic formulation proposed by Houlsby et al. (2005) includes the non-linear 

dependency of the elastic stiffness on the effective stress and is thermodynamically 

correct. The energy potential (휀𝑣
𝑒 , 휀𝑞

𝑒) adopted is given by the following expression: 

(휀𝑣
𝑒 , 휀𝑞

𝑒) =
𝑝𝑎
2 − 𝑛

𝑘(
𝑛

2−2𝑛
)(1 − 𝑛)(

2−𝑛
1−𝑛

) [𝑘(휀𝑣
𝑒)2 +

3𝑔

1 − 𝑛
(휀𝑞
𝑒)
2
]
(
2−𝑛
2−2𝑛

)

 3-127 

The quantity pa indicates a reference pressure, n is a dimensionless parameter that 

expresses the non-linear dependency between the elastic stiffness and the stress state, 

k and g are dimensionless parameters related to the bulk and shear stiffness. 

By deriving the energy potential function, it is possible to calculate the elastic stiffness 

matrix De as equation 3-108. The yield locus formulated by Bigoni and Piccolroaz (2004) 

is adopted to delimit the elastic domain: 

 𝐹 =
𝑞

𝑔(𝜗)
+ 𝑓(𝑝) 3-128 
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The function f(p) is the so-called meridian function that accounts for the influence of 

the mean pressure and 𝑔(𝜗) is a deviatoric function that describes the dependency on 

the Lode angle. The function f(p) is given by: 

 

𝑓(𝑝) = −𝑀𝑝𝑐√(− 𝑚)[2(1 − 𝛼)+ 𝛼] 3-129 

with  ∈ [0,1], equal to: 

 
 =

𝑝 + 𝑝𝑡
𝑝𝑐 + 𝑝𝑡

 3-130 

The parameters pt and pc correspond to the tensile and compression pressure, 

respectively, given by the intersection of the yield function with the mean pressure axis. 

Both values should be given as positive quantities with the possibility to set pt equal to 

zero, i.e. there is no tensile strength. 

The parameters M,  and m define the shape of the surface in the (q, p) plane, where 

M should be larger than zero,  must be chosen in the interval between 0 and 1 

(Amorosi et al., 2015) and m should be larger than 1. 

The deviatoric function is given by: 

 
𝑔(𝜗) =

1

cos (
𝜋
3 − 𝛽

𝜋
6 −

1
3 cos

−1(𝛾 cos 3𝜗))
 3-131 

where  and  define the shape of the deviatoric section of the yield surface, and they 

should be chosen such that 0 ≤ 𝛽 ≤ 2 and 0 ≤ 𝛾 < 1. 

The yield surface can assume different shapes according to the value chosen for each 

parameter, as shown in Figure 3-39. When setting pt equal to zero,  and  equal to 1, 

m equal to 2 and  equal to zero, the yield function coincides with the one of the 

Modified Cam-Clay model. 
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Figure 3-39 - Variation of the meridian section with a) M, b) c/pc, c) m, d)  (Bigoni and Piccolroaz, 2004). 

In the deviatoric plane, it is possible to obtain a convex, smooth approximation of 

several yielding criteria (e.g. Tresca and Mohr-Coulomb) (Figure 3-40). To simplify, the 

function g() has been normalized through division by 𝑔(𝜋 3⁄ ), so that all deviatoric 

sections coincide at the point 𝜃 = 𝜋 3⁄ . 

Parameter  is kept fixed in Figure 3-40a and Figure 3-40b, and it is equal to 0.99 and 

1, respectively, whereas parameter  is fixed in Figure 3-40c and Figure 3-40d, and it 

is equal to 0 and 0.5. Therefore, Figure 3-40a and Figure 3-40b demonstrate the effect 

of the variation in , which makes possible a distortion of the yield surface from the 

upper to lower convexity limits going through Tresca and Mohr-Coulomb shapes. The 

role played by   is investigated in Figure 3-40c and Figure 3-40d, from which it 

becomes evident that   has a smoothing effect on the corners, going from the von 

Mises (circular) deviatoric section when  = 0 to the other limit at  = 1. 

Three hardening rules describe the evolution of pc, pt and M: 

 �̇�𝑐 = 𝑝𝑐 {[
1

∗ − ∗
− 

𝑣
𝑒−𝜂𝑣𝜀𝑣

𝑝

] 휀�̇�
𝑝 − 

𝑞
𝑒−𝜂𝑞𝜀𝑞

𝑝

휀�̇�
𝑝} 3-132 

 �̇�𝑡 = −𝑝𝑡 [(
𝑣𝑐
𝑒−𝜂𝑣𝑐𝜀𝑣

𝑝

) 휀�̇�
𝑝 + (

𝑞𝑐
𝑒−𝜂𝑞𝑐𝜀𝑞

𝑝

) 휀�̇�
𝑝] 3-133 

 �̇� = −𝑀 [(
𝑣𝑀
𝑒−𝜂𝑣𝑀𝜀𝑣

𝑝

) 휀�̇�
𝑝 + (

𝑞𝑀
𝑒−𝜂𝑞𝑀𝜀𝑞

𝑝

) 휀�̇�
𝑝] 3-134 
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Figure 3-40 - Deviatoric section: effect of the variation of  a) for  = 0.99, b) for  = 1; and of  c) for  = 0, d) 

 = 0.5 (Bigoni and Piccolroaz, 2004). 

The change of pc is given by three terms. 

• The first one describes the change due to positive or negative volumetric 

hardening, depending on the direction of the volumetric plastic increment, as in 

the Modified Cam-Clay model, with * and * gradients of the swelling and 

isotropic normal compression line in the (ln v, ln p) space. 

• The second term accounts for structure degradation induced by accumulated 

and incremental plastic volumetric strains, at a rate that depends on v and v, 

in an exponential damage-type form. 
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• The third and last term accounts for structure degradation in an exponential 

form, induced by accumulated and incremental plastic deviatoric strains, at a 

rate that depends on q and q. 

The hardening law of pc is a modified version of equation 3-62 used by Kavvadas and 

Amorosi to describe the evolution of the size of the yield surfaces that characterise the 

MSS model. 

The evolution of pt and M is independent from pc and can result in a modification of the 

shape of the yield surface. Equations 3-133 and 3-134 have a similar structure as 

equation 3-132, but they consist only of the destructuration terms (i.e. their evolution 

can only be negative) that depend on both volumetric and deviatoric strains at a rate 

described by vc, vc, qc and qc for pt and vM, vM, qM and qM for M. 

The model has been initially proposed with an associated flow rule (Amorosi et al., 

2015) and, subsequently (Boldini et al., 2019), extended to a more generic form that 

accounts for a plastic potential function G that can be different from the yield function 

F: 

 𝐺 =
𝑞

𝑔(𝜗)
+ 𝑓𝑔(𝑝) 3-135 

The function 𝑔(𝜗) is the same as in equation 3-131 and 𝑓𝑔(𝑝) is equal to: 

 

𝑓𝑔(𝑝) = −𝑀𝑔𝑝𝑐,𝑑𝑢𝑚𝑚𝑦√(− 𝑚𝑔)[2(1 − 𝛼𝑔)+ 𝛼𝑔] 3-136 

with  ∈ [0,1], equal to: 

 
 =

𝑝 + 𝑝𝑡
𝑝𝑐,𝑑𝑢𝑚𝑚𝑦 + 𝑝𝑡

 
3-137 

The parameter g should be chosen between 0 and 2, while Mg and mg should be 

larger than 0 and 1, respectively, as in the case of the yield surface. Note that in the 

case of the plastic potential, the upper limit of 1 on  is not necessary anymore. The 

dimension of the plastic potential surface in the (q, p) plane is defined by pt equal to 

the value of the yield surface, and pc, dummy, obtained by imposing that G passes through 

the current stress state. 

Table 3-13 summarises the parameters required to fully describe the model. 
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Parameter Description 

* Slope of the intrinsic normal compression line in the (ln v, ln p) plane 

* Slope of the intrinsic swelling line in the (ln v, ln p) plane 

n Coefficient of non-linear elasticity 

k Bulk coefficient of the hyperelastic law 

g Shear coefficient of the hyperelastic law 

M Stress ratio 

 Yield surface shape parameter in the meridian plane 

m Yield surface shape parameter in the meridian plane 

pc Size of the yield surface in compression 

pt Size of the yield surface in tension 

 Yield surface shape parameter in the deviatoric plane 

 Yield surface shape parameter in the deviatoric plane 

Mg Shape parameter of the plastic potential 

g Plastic potential shape parameter in the meridian plane 

mg Plastic potential shape parameter in the meridian plane 

pc, dummy Size of the plastic potential surface in compression 

v Rate of destructuration of pc with plastic volumetric strains 

v Exponential rate of destructuration of pc with plastic volumetric strains 

q Rate of destructuration of pc with plastic deviatoric strains 

q Exponential rate of destructuration of pc with plastic deviatoric strains 

vc Rate of destructuration of pt with plastic volumetric strains 

vc Exponential rate of destructuration of pt with plastic volumetric strains 

qc Rate of destructuration of pt with plastic deviatoric strains 

qc Exponential rate of destructuration of pt with plastic deviatoric strains 

vM Rate of destructuration of M with plastic volumetric strains 

vM Exponential rate of destructuration of M with plastic volumetric strains 

qM Rate of destructuration of M with plastic deviatoric strains 

qM Exponential rate of destructuration of M with plastic deviatoric strains 

Table 3-13 - List of parameters characterising the Weak Rock 2 model. 
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3.4 Constitutive model features based on experimental evidence 

The review of constitutive models shows that for each class of materials here 

considered, more than one constitutive model has been proposed. In fact, the choice 

of which constitutive laws are most suitable in each case, depends on both the material 

to be modelled and the engineering problem to be addressed. 

As discussed in Chapter 2, any natural material is structured, even if it is just deposited. 

Therefore, models for reconstituted materials are especially useful when reproducing 

laboratory tests performed on a material in its intrinsic state or when taken as a 

reference for describing the behaviour of the natural material. 

Section 3.1 shows that the reconstituted behaviour can be described by single (Cam-

Clay, Modified Cam-Clay, SCLAY-1) or multi-surfaces models (Al-Tabbaa and Muir 

Wood, 3-SKH). In the first case, the surface represents a true yield surface, i.e. the 

boundary between elastic and plastic behaviour. In the second case, in addition to the 

yield surface, there could be one or more surfaces, acting as a bounding surface that 

regulates the plastic response based on a distance between the current stress and its 

conjugate point. 

Furthermore, among the single-surface models, it is possible to differentiate based on 

the orientation of the yield surface: it may be centred on the isotropic axis or inclined 

with respect to it, when the material is characterised by a certain plastic anisotropy. 

In all cases, an isotropic hardening rule describes the evolution in size of the model 

surface(s), as expected based on the experimental behaviour of reconstituted soils 

outlined in paragraph 2.1.1. 

Additionally, a model that incorporates plastic anisotropy also contains a rotational 

hardening rule to follow the evolution of the orientation of the model surface(s), while 

models characterised by bounding surface plasticity need a kinematic hardening rule 

to describe the movement of the yield surface within the outer surface(s). 

In the cases presented in section 3.1, all models are characterised by an associated 

flow rule (with different formulas of the plastic modulus). However, as highlighted in 

paragraph 2.1.2 (Figure 2.20), in the case of a sand, the plastic strain increments seem 

to be not perpendicular to an elliptical yield surface, meaning that a non-associated 
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flow rule may be more representative of their behaviour. Several constitutive models 

have been proposed, accounting especially for the sand characteristic behaviour during 

cyclic loading. Although not included in the proposed review, such models are well-

known, available in literature and in commercial codes, as for example SANISAND 

(Taiebat and Dafalias, 2008), UBCSAND (Beaty and Byrne, 2011; Petalas and Galavi, 

2013), PM4SAND (Boulanger and Ziotopoulou, 2015; Vilhar et al., 2018). 

The models for reconstituted clays have often become the base for an extension to the 

case of natural clays. The fundamental difference between a natural soil and its 

corresponding reconstituted material is the structure. The definition and the origin of 

structure have been discussed in Chapter 2, while in this chapter the implication of a 

certain degree of structure in the modelling choices is addressed. 

The Structured Cam-Clay model shows that it is still possible to use a single surface in 

the case of natural clays, with the surface representing the degree of structure in 

addition to being the boundary between elastic and plastic behaviour. In this case, the 

size of the model surface does not depend only on the overconsolidation state but also 

on the degree of bonding and cementation. The destructuration law is one of the main 

features that needs to be added to the set of constitutive rules, since it describes the 

progressive breakage of bonds as a consequence of mechanical or chemical action. 

More advanced constitutive models are characterised by multiple surfaces, where 

generally the outer surface represents the structure. As in the case of the models for 

reconstituted materials, the surface can be centred or not on the isotropic axis and may 

evolve as a result of the hardening and destructuration laws. 

In the case of the SCLAY-1S model, the inner surface represents the intrinsic behaviour 

the model tends to when fully destructured, while the behaviour is elastic inside the 

structure surface. 

Also the B-SCLAY1S model and the model by Rouainia and Muir Wood that will be 

described in detail in the next chapter, are characterised by a surface representing the 

behaviour of the reconstituted material but, in addition, they can account for a small 

elastic nucleus. In both cases as well as for the S3-SKH and MSS models, the structure 

surface acts as a bounding surface, in which the yield surface moves according to a 
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kinematic hardening rule. In this way, it is possible to model the development of plastic 

strains before reaching the outer surface, which represents the locus of the gross yield 

points. Therefore, destructuration may occur before gross yield as a function of the 

plastic strains. Each model is characterised by a different destructuration rule. Another 

reason for choosing a so-called “bubble” model is its application in dynamic 

conditions. In fact, during elasto-plastic loading, the bubble is dragged by the current 

stress point. When the stress path is inverted, the model response is initially elastic, 

but it becomes elasto-plastic when it reaches again the other side of the bubble surface. 

In dynamic problems, the stress path inverts its direction due to the cyclic nature of the 

load and it is important to account for an elasto-plastic response (instead of purely 

elastic). 

The models dedicated to the simulation of the behaviour of a soft rock and reviewed in 

section 3.3 are all characterised by a single surface. The yield surface may have a 

distorted shape and generally accounts for a tensile strength component, while the flow 

rule is usually non-associated. Also in this case, since the yield surface represents the 

structure, a destructuration law simulates the progressive loss of bonding and 

cementation. However, in some cases, the behaviour of the rock is indeed elastic until 

gross yield, but often the initial stiff behaviour of a rock is wrongly assumed to be elastic 

while, as a matter of fact, it may be stiff but elasto-plastic. Therefore, plastic strains 

may start accumulating and inducing some degree of destructuration prior to gross 

yield, where the change in stiffness and strength is abrupt. 

This is one of the main reasons for which, in this research, a multi-surface model with 

kinematic hardening is used to simulate the behaviour of different soft rocks. 

In Table 3-14, a summary of the main features characterising the reviewed constitutive 

models is presented. 
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 Hypoelasticity Yield 

surface 

Intrinsic 

surface 

History 

surface 

Bounding 

surface 

Tensile 

strength 

Isotropic 

hardening 

Kinematic 

hardening 

Rotational 

hardening 

fg Destructuration 

rule 

CC X X - - - - X - - X - 

MCC X X - - - - X - - X - 

SCLAY-1 X X - - - - X - X X - 

Al-Tabbaa 

and Muir 

Wood 

X X - - X - X X - X - 

3-SKH X X - X X - X X - X - 

Structured 

CC 

X X - - - - X - - X X 

S3-SKH X X - X X(*) - X X - X X 

MSS -(#) X - - X(*) X X X - X X 

SCLAY-1S X X X - X(*) - X - X X X 

B-SCLAY1S X X X - X(*) - X X X X X 

Desai and 

Salami 

X X - - - X X - - - X 

Nova et al. X(°) X X - - X X - - - X 

Oka et al. X(°) X - - X(*) X X - - - X 

Weak rock 2 -(#) X - - - X X - - - X 

Rouainia 

and Muir 

Wood (§) 

X(°) X X - X(*) - X X - X X 

Table 3-14 – Summary of the model features. (*) indicates that the bounding surface is also the structure surface; (§) this model is described in detail in Chapter 

4; (#) indicates the use of hyperelasticity; (°) indicates the possibility to model elastic anisotropy.
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4 RMW MODEL 

In this chapter, the model proposed by Rouainia and Muir Wood (2000) for natural 

clays is described in detail. 

The model represents an extension of the Modified Cam-Clay model (Roscoe and 

Burland, 1968) and of the “bubble” model by Al-Tabbaa and Muir Wood (1989). 

As in the “bubble” model, an outer surface is introduced to overcome some of the 

limitations of the classical yield surface plasticity formulation, both under cyclic loading 

conditions (Dafalias, 1981) and during static loading, where the existence of a large 

elastic domain as in the Cam-Clay models is not realistic. The outer surface acts as a 

bounding surface and in this case, it is used to simulate a certain degree of structure 

in the soil, meaning that the hardening rules must also include a law to describe the 

destructuration process. As described in Chapter 3, widely used hardening rules are 

the isotropic and kinematic laws. The first one describes the uniform expansion of the 

initial yield surface(s) during plasticity; the second one regulates the translation of the 

surface(s) in the stress space as a rigid body, without changing its shape, size and 

orientation (Mroz, 1967). 

Researchers have used this model to successfully simulate the behaviour of structured 

clays as for example Norrköping clay (Rouainia and Muir Wood, 2000), Avezzano clay 

(Burghignoli et al., 2003; Elia and Rouainia, 2014), London clay (González et al., 2012; 

Rouainia et al., 2020), Boston Blue Clay (Rouainia et al., 2017) and Pisa clay (Bertoldo 

and Callisto, 2018), among others. 

However, to the author’s knowledge, the RMW model has never been applied to the 

case of soft rocks. One of the reasons may be related to the assumption that the 

behaviour of a soft rock is purely elastic within the boundary surface representing the 

degree of bonding of the material. This is true in the case of the natural calcarenite from 

Gravina in Puglia (Lagioia and Nova, 1995), where a series of loading and unloading 

cycles have been performed before and after destructuration, showing a linear elastic 

response. The constitutive model proposed by Nova (1992), and modified by Lagioia 
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and Nova (1995), as well as the constitutive model proposed by Boldini et al. (2019) 

have successfully reproduced the behaviour of this natural soft rock. Both models are 

characterised by one surface representing the locus of yield points of the cemented 

material, within which the behaviour is described with an hypoelastic or hyperelastic 

law (see paragraph 3.3.2 and 3.3.4). In the case of Lagioia and Nova (1995), an 

additional surface describing the uncemented material is also defined and taken as a 

reference. 

Also a natural pyroclastic rock (the Neapolitan Yellow Tuff), extensively studied by 

Pellegrino and co-workers (Pellegrino, 1970; Pellegrino, 1974; Evangelista, 1980), 

shows linear elastic behaviour up to failure, as discussed by Aversa and Evangelista 

(1998) with reference to the results of drained triaxial tests. This indicates that a 

constitutive model characterised by a single surface representing the material structure 

may be able to simulate the behaviour of such soft rocks. In fact, good simulation 

results have been obtained by Amorosi et al. (2015) with the WR1 constitutive model 

(paragraph 3.3.4). 

However, as in the case of the calcareous mudstone described in Chapter 6 and of the 

marly limestone presented in Chapter 8, natural soft rocks characterised by permanent 

changes in the micro-structure already before reaching gross yield, also exist. This 

behaviour is similar to the one observed in natural clays, suggesting that a constitutive 

model able to account for irreversible strains within the outer boundary, may be needed. 

The bounding surface still represents the locus of gross yield points, where an abrupt 

change in stiffness can be observed, but elasto-plastic strains can develop already 

before touching the outer surface and may cause an evolution of its size and position. 

The model proposed by Rouainia and Muir Wood (2000) is a good candidate for the 

simulation of such behaviour. It is described in this section in the general stress space, 

having defined the mean pressure p and the deviatoric stress s as: 

 𝑝 =  
1

3
𝑡𝑟[𝝈] 4-1 

 𝒔 = 𝝈 − 𝑝𝑰 4-2 
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Bold characters indicate tensor quantities. In particular,  represents the stress state in 

one point, I is the second-rank identity tensor and tr[∙] is the trace operator of [∙]. 

The deviatoric invariant of the stress tensor  is q and it is equal to √3𝐽2 where J2 is 

the second deviatoric invariant equal to 
1

2
(𝒔): (𝒔). 

The additive decomposition of the strain rate �̇� into an elastic and a plastic part is 

assumed, such that: 

 �̇� = �̇�𝒆 + �̇�𝒑 
4-3 

where the superimposed dot indicates an increment. 

4.1 Elastic behaviour 

The constitutive relation between the stress increment and the elastic component of the 

strain is given by: 

 �̇� = 𝑫𝒆: �̇�𝒆 4-4 

where the operator : indicates the inner product and De is the tensor of elastic moduli, 

function of the bulk and shear moduli, K and G. The hypoelastic formulation is adopted, 

but two formulations are available for: 

• isotropic elasticity with a volumetric stiffness depending linearly on the mean 

pressure (equation 4-5) and a shear stiffness calculated as a function of the 

bulk modulus and a constant coefficient of Poisson (equation 4-6) (as in the 

Modified Cam-Clay model); 

• isotropic elasticity with a stress-dependent shear stiffness calculated through 

the formula proposed by Viggiani and Atkinson (1995) (equation 4-7) and the 

bulk modulus determined with equation 4-8, in order to keep the Poisson’s 

coefficient constant. 

 𝐾 =
𝑝′

∗
 

4-5 

 𝐺 =
3(1 − 2′)

2(1 + ′)
𝐾 

4-6 

 

𝐺0
𝑝𝑟
= 𝐴𝑔 (

𝑝

𝑝𝑟
)
𝑛𝑔

𝑅0
𝑚𝑔

 
4-7 
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 𝐾 =
2(1 + ′)

3(1 − 2′)
𝐺 

4-8 

   

In the formulas above, * is the slope of the swelling line in either the bi-logarithmic (ln 

v, ln p) plane (with v being the specific volume) or the (v, ln p) plane (Butterfield, 

1979; Hashiguchi, 1995). When using equation 4-7, it is necessary to calibrate the 

dimensionless coefficients Ag, mg, and ng, while pr is a reference pressure (equal to 1 

kPa) and R0 is the isotropic overconsolidation ratio, calculated as 2𝑝𝑐 𝑝⁄ . 

The model implementation in SM2D also gives the possibility to simulate transversely 

isotropic behaviour according to the theory of Graham and Houlsby (1983). The elastic 

matrix De is given by: 

 𝑫𝒆 = [

𝐴 𝛼𝐵 𝛼𝐵 0
𝛼𝐵 𝛼2𝐴 𝛼2𝐵 0
𝛼𝐵 𝛼2𝐵 𝛼2𝐴 0
0 0 0 𝐶

] 4-9 

where: 

 𝐴 =
𝐸(1 − )

(1 + )(1 − 2)
 

4-10 

 𝐵 =
𝐸

(1 + )(1 − 2)
 

4-11 

 𝐶 =
1

2

𝐸

(1 + )
 

4-12 

The coefficient  can be equal to 1 to simulate isotropic elastic behaviour, larger than 

1 when the material is stiffer in the horizontal direction with respect to the vertical one, 

and vice versa when  is lower than 1. 

4.2 Model surfaces 

The model is characterized by three surfaces with the shape of an ellipsoid. The 

equations describing each surface depend on parameters that, if set to some specific 

values, can make the model degenerate to the two surfaces bubble model of Al-Tabbaa 

and Muir Wood (1989) or to the single surface Modified Cam-Clay model (Roscoe and 

Burland, 1968). 
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The reference surface represents the state of the material in its intrinsic state (Burland, 

1990). It passes through the stress origin (Figure 4-1) and its analytical equation is 

given by: 

 𝑓𝑟 =
3

2𝑀𝜃
2
(𝒔): (𝒔) + (𝑝 − 𝑝𝑐)

2 − 𝑝𝑐
2 = 0 

4-13 

The parameter pc is a scalar variable that indicates the semi-axis dimension of the 

reference surface along the isotropic axis and M is a scalar value, that determines the 

shape of all three surfaces in the deviatoric space and depends on the stress ratio at 

critical state M, a parameter m and the Lode’s angle : 

 𝑀𝜃 =
2𝑚𝑀

(1 +𝑚) − (1 − 𝑚)𝑠𝑖𝑛 3𝜃
 

4-14 

To ensure convexity, m should be chosen between 0.7 and 1. In particular, when m is 

equal to 1, M coincides with M. The reference surface is centred on the isotropic axis 

and can only change its size, due to the evolution of pc, as described later by the 

hardening rules (paragraph 4.3). 

The elastic nucleus, usually indicated as bubble surface, corresponds to the true yield 

surface, that is the surface that separates the elastic from the elasto-plastic domain. It 

is characterized by the following equation (Figure 4-1): 

 𝑓𝑏 =
3

2𝑀𝜃
2
(𝒔 − 𝒔�̅�): (𝒔 − 𝒔�̅�) + (𝑝 − 𝑝�̅�)

2 − (𝑅𝑝𝑐)
2 = 0 

4-15 

R is the ratio between the axis of the bubble surface and the axis of the reference 

surface, and �̅� = {𝑝�̅�, 𝒔�̅�}
𝑇
 is the location of the centre of the bubble surface in the 

stress space, that evolves according to a translation law that will be described in 

paragraph 4.3. The value of R can be very small, to simulate the existence of a very 

small elastic domain, while its maximum value can be 1, which means that fb coincides 

with fr. 

The structure surface can be larger than the reference surface to account for the effects 

of structure in the material. Its mathematical equation is: 
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𝑓𝑠 =
3

2𝑀𝜃
2
(𝒔 − (𝑟 − 1)𝜼𝟎𝑝𝑐): (𝒔 − (𝑟 − 1)𝜼𝟎𝑝𝑐) + (𝑝 − 𝑟𝑝𝑐)

2

− (𝑟𝑝𝑐)
2 = 0 

4-16 

The ratio of the horizontal axis of the structure surface over the horizontal axis of the 

reference surface is given by r, which can be equal to 1 (when no structure effects are 

accounted for) or larger. The symbol 0 indicates a dimensionless deviatoric tensor 

controlling the offset of the centre of the structure surface with respect to the isotropic 

axis p: 

 𝜼𝟎 =

[
 
 
 
 
 

0

3
0 0

0 −
2

0

3
0

0 0

0

3 ]
 
 
 
 
 

 
4-17 

The trace of 0 is always equal to zero, meaning that the centre of the structure surface 

is always defined on the positive side of the mean pressure axis (Figure 4-1). When the 

coefficient 0 is not equal to zero, the deviatoric component is also different than zero, 

and the structure surface might be centred in a point in the stress space with a positive 

or negative deviatoric component (Figure 4-2). Note that in this case, the critical state 

line in compression and extension is still defined based on the reference surface and 

not considering the offset structure surface. 

The position of the centre of the structure surface is given by: 

 �̂� = {𝑟𝑝𝑐, (𝑟 − 1)𝜼𝟎𝑝𝑐}
𝑇
 

4-18 

The evolution of the centre �̂� is strictly connected to the decrease of r due to plastic 

strains, described by the destructuration law in paragraph 4.3, while 0 does not 

change. 

A representation of the deviatoric section of the bubble and structure surface with 

varying m is shown in Figure 4-3. 

Considering the equations 4-13, 4-15 and 4-16, it may be noted that, when r is equal to 

1 and 0 is equal to zero, the structure surface coincides with the reference surface as 

in the model of Al-Tabbaa and Muir Wood (1989). Additionally, if both r and R are equal 
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to 1, all three surfaces coincide, and the model reduces to the Modified Cam-Clay 

model (Roscoe and Burland, 1968). 

 

Figure 4-1 - RMW model surfaces. 

 

Figure 4-2 - RMW model surfaces with anisotropic structure surface. 
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Figure 4-3 - Deviatoric section through bubble and structure surface for destructuration model (Rouainia and Muir 

Wood, 2000). 

4.3 Hardening rules and destructuration 

During an elasto-plastic phase, the model surfaces may change their size and position 

as a result of a combination of isotropic and kinematic hardening, and destructuration. 

Isotropic hardening occurs when the initial yield surface (representing the initial yield 

condition in the stress space) expands uniformly during plastic flow, while the yield 

surface does not change in its initial form and orientation but translates in the stress 

space like a rigid body with kinematic hardening (Mroz, 1967). 

In line with the Modified Cam-Clay model, the isotropic hardening rule describes the 

evolution of pc with the plastic volumetric strain rate 휀�̇�
𝑝

: 

 

�̇�𝑐 =
휀�̇�
𝑝

∗ − ∗
𝑝𝑐 4-19 

where * is the slope of the normal compression line expressed in the same plane as 

* and 휀�̇�
𝑝 = 𝑡𝑟[�̇�𝒑]. The variation of pc determines a change in size not only of the 

reference surface but also of the bubble and structure surface, since their axis are 

defined as a factor (R or r, respectively) of pc. The variation may be positive or negative, 

according to the direction of the plastic volumetric increment. 
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To ensure that the current stress point is always on the surface of the bubble during an 

elasto-plastic stress increment, a kinematic hardening rule describing the movement of 

fb relative to fr is necessary. The translation rule of the bubble is formulated such that 

it never intersects the structure surface (Mroz, 1967; Hashiguchi, 1988). This is 

possible if the centre of fb moves along a direction that is parallel to the line that joins 

the current stress  and the conjugate point c, that represents the point on the 

structure surface having the same direction of the normal �̅� in the current stress point 

(Figure 4-4). To improve the clarity of the picture, the reference surface has not been 

represented in Figure 4-4. 

 

Figure 4-4 - Representation of the conjugate point c for a given stress state . 

Having defined the distance between the current stress and the centre of the bubble as 

�̅�, i.e. �̅� =  𝝈 − �̅�, and the distance between the conjugate stress and the centre of 

the structure surface as �̂�𝒄, i.e. �̂� =  𝝈𝒄 − �̂�, the two triangles in Figure 4-4 are similar 

and it can be written: 

 �̂�𝒄
�̅�
=
𝑟𝑝𝑐
𝑅𝑝𝑐

→
�̂�𝒄
𝑟
=
�̅�

𝑅
 4-20 

Deriving equation 4-18 and considering the consistency condition on the bubble: 
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�̅�: [�̇̅� −

�̇�𝑐
𝑝𝑐
�̅�] = 0 4-21 

the translation rule is determined, ensuring that the centre of the bubble translates 

relative to the centre of the structure surface in a direction parallel to the line joining the 

current stress and the conjugate point: 

 
�̇̅� = �̇̂� + (�̅� − �̂�) (

�̇�

𝑟
+
�̇�𝑐
𝑝𝑐
) + �̇�(𝝈𝒄 − 𝝈) 4-22 

Considering equation 4-18, the evolution of the centre of the structure surface can be 

expressed as: 

 �̇̂� = {(�̇�𝑝𝑐 + 𝑟�̇�𝑐), [�̇�𝑝𝑐 − (𝑟 − 1)�̇�𝑐]𝟎} 
4-23 

The first term represents the movement along the direction parallel to the isotropic axis, 

and the second term represents the deviatoric component of the centre movement. 

The coefficient �̇� is defined by the following equation: 

 

�̇� =
�̅�: {�̇̂� − �̂� [

�̇�
𝑟 +

�̇�𝑐
𝑝𝑐
] + �̅�

�̇�
𝑟
}

�̅�: (𝝈𝒄 − 𝝈)
 4-24 

In addition to the volumetric hardening described by equation 4-19, the structure surface 

may change its size due to a monotonic decrease of r, simulating the progressive 

structure degradation due to plastic strains as described by: 

 
�̇� = −

𝑘

∗ − ∗
(𝑟 − 1)휀�̇� 4-25 

where k is a scalar describing the velocity of destructuration and 휀�̇� represents the 

destructuration strain rate. It is assumed that both plastic volumetric and plastic 

deviatoric strains may contribute to the damage of the structure, according to the 

equation: 

 

휀�̇� = √(1 − 𝐴)(휀�̇�
𝑝)
2
+ 𝐴(휀�̇�

𝑝)
2
 4-26 

where 휀�̇�
𝑝 = √

2

3
(�̇�𝒑: �̇�𝒑) is the plastic deviatoric strain and A is a scalar that can 

assume any value between 0 and 1, indicating the relative contribution of the plastic 

volumetric and the plastic deviatoric strain to the destructuration strain. For A = 0, the 

damage strain depends entirely on 휀�̇�
𝑝

, while for A = 1, the damage strain depends 
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entirely on  휀�̇�
𝑝

. Equation 4-16 indicates that the structure surface will tend to the 

reference surface with increasing plastic strain, both in terms of size and of position of 

its centre. 

4.4 Flow rule 

The model is characterized by an associated flow rule, as in the case of the Modified 

Cam-Clay model. This means that the plastic potential g coincides with the bubble 

surface fb and that the direction of the plastic strain increment vector is given by the 

unit vector �̅�, perpendicular to fb in the current stress point , and its magnitude is 

expressed by: 

 �̇�𝒑 = �̇��̅� 4-27 

where the plastic multiplier �̇� and fb must satisfy the Kuhn-Tucker conditions, i.e. �̇� ≥

0, �̇�𝑓𝑏 = 0 and 𝑓𝑏 ≤ 0. According to the bounding surface plasticity theory, there exist 

an “image” stress point c on the bounding surface (i.e. the structure surface) for which 

the unit vector perpendicular to the surface in that point is the same as for the current 

stress point  (Dafalias, 1981). This means that the plastic multiplier can be expressed 

by: 

 
�̇� =

1

𝐻
(�̅�: �̇�) =

1

𝐻𝑐
(�̅�: �̇�𝒄) 4-28 

where H is the plastic modulus, that consists of two terms, Hi and Hc. When the current 

stress point coincides with the conjugate point c, Hi is equal to zero and H coincides 

with Hc. It is possible to calculate Hc from the consistency condition on the structure 

surface: 

 
�̅�: [�̇̂� − �̂� (

�̇�

𝑟
+
�̇�𝑐
𝑝𝑐
)] = 0 4-29 

resulting in: 
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𝐻𝑐 =

𝑟𝑝𝑐

{
 
 

 
 𝑇 [(𝑝 − 𝑝�̅�) + (

3
2𝑀𝜃

2) (𝒔 − 𝒔�̅�):𝟎 + 𝑅𝑝𝑐]

−(𝑝 − 𝑝�̅�) (
3
2𝑀𝜃

2) (𝒔 − 𝒔�̅�):

𝟎
𝑟 }

 
 

 
 

(∗ − ∗) [(𝑝 − 𝑝𝛼)2 + (
3
2𝑀𝜃

4) (𝒔 − 𝒔�̅�): (𝒔 − 𝒔�̅�)]

 

4-30 

The quantity T is given by the following equation: 

𝑇 = (𝑝 − 𝑝�̅�) − 𝑘 (
𝑟 − 1

𝑟
)√[(1 − 𝐴) + (

3𝐴

2𝑀𝜃
4) (𝒔 − 𝒔�̅�): (𝒔 − 𝒔�̅�)] 

4-31 

When the stress state is on the bubble surface and the stress increment is directed 

outwards, the additional term Hi of the plastic modulus is calculated based on the 

distance between the current stress state and the outer surface, such that the plastic 

stiffness decreases as the bubble approaches the structure surface. 

The distance b is calculated between the current stress and the conjugate stress and 

projected along the unit vector perpendicular to fb in  (Figure 4-1): 

 𝑏 = �̅�: (𝝈𝒄 − 𝝈) 4-32 

 

Figure 4-5 - Representation of the distance b, defined in equation 4-32. 
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This value is normalised by the maximum distance between the conjugate point and a 

point on the bubble surface characterised by the same vector �̅� and such that the 

bubble is tangent to the structure surface in a point diametrically opposite to the 

conjugate point. The maximum distance bmax, is also projected along the direction of 

�̅�, as b: 

 𝑏𝑚𝑎𝑥 = 2(
𝑟

𝑅
− 1) �̅�: �̅� 4-33 

 

 

Figure 4-6 - Representation of the distance bmax, defined in equation 4-33.  

The component Hi of the plastic modulus is given by: 

 

𝐻𝑖 = ‖
𝜕𝑓𝑏
𝜕𝝈
‖
−2 𝐵𝑝𝑐

3

(∗ − ∗)𝑅
(
𝑏

𝑏𝑚𝑎𝑥
)



 4-34 

where B and  are two model parameters that control the magnitude of the interpolation 

modulus Hi, which becomes equal to zero when the current stress is on the structure 

surface, i.e. b is zero. 

Substituting equation 4-28 in equation 4-27 and summing the elastic part of the strains, 

the elasto-plastic matrix is calculated: 
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𝑫𝒆𝒑 = 𝑫𝒆 −
(𝑫𝒆: �̅�) (�̅�:𝑫𝒆)

𝐻 + �̅�:𝑫𝒆: �̅�
 4-35 

where the symbol  indicates a tensor product (i.e. (𝒂 𝒃)𝑖𝑗𝑘𝑙 = 𝑎𝑖𝑗𝑏𝑘𝑙). Through 

the deformation process, the numerical solution of equation 4-35 for describing the 

evolution of the stress and strain states is obtained by adopting the forward-Euler 

scheme, that generally requires small loading steps. 

Table 4-1 summarises the parameters required to fully describe the model. 

 

Parameter Description 

* Slope of the normal compression line in the (ln v, ln p) plane 

* Slope of the swelling line in the (ln v, ln p) plane 

’ Coefficient of Poisson 

M Stress ratio at critical state 

R Ratio of the bubble surface over the reference surface 

r0 Initial ratio of the structure surface over the reference surface 

pc Semi-axis dimension of the reference surface 

0 Coefficient of anisotropy of the structure surface 

B Stiffness interpolation parameter 

 Exponent of the normalised distance in the interpolated plastic modulus 

k Absolute rate of destructuration 

A Relative effectiveness of plastic volumetric and plastic deviatoric strains 

mg Exponent of the isotropic overconsolidation ratio when using Viggiani and Atkinson’s 

formula 

ng Exponent of the mean pressure when using Viggiani and Atkinson’s formula 

Ag Coefficient of shear stiffness when using Viggiani and Atkinson’s formula 

Table 4-1 - List of parameters characterising the RMW model. 

4.5 Implementation and use in finite element codes 

4.5.1 Input to SM2D 

The constitutive model is implemented in the soil model testing program SM2D (Chan, 

1995), using the explicit forward-Euler scheme. 
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The program allows to simulate not only conventional laboratory tests (e.g. triaxial test, 

oedometer test, isotropic compression test) but also to specify arbitrary stress path, in 

both drained and undrained conditions. 

The input required to run the program "sm2dmo.exe" consists of a file called 

"sm2d.fil". It can be subdivided into three main blocks. The first one is shown below 

and, in general, it describes the numerical control parameters for the calculation and 

the initial condition in the specimen: 

 

Line numbers are bit part of the file content, but they help explaining the file format. 

All properties, together with their meaning and possible values, are described in Table 

4-2. 

The last line (number 11), not included in the table, consists of six different properties. 

• The first four values correspond to the normal effective stress in the xx, yy, zz, 

xy direction, respectively. Note that the sign convention used in the program is 

such that compression is negative and tension is positive. Additionally, the 

vertical direction coincides with the x-coordinate. 

• The fifth value corresponds to the initial pore pressure in the soil, and it is 

positive in compression. 

• The sixth and last value is the initial void ratio. 

These properties are used to define the initial state of the material, i.e. the initial 

configuration at the beginning of the test. 
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Line n. Values Description 

1 int( 1) 1: only one constitutive model is used; >1: multiple ones 

2 Any integer 1: non-symmetric version of the D-matrix; otherwise: symmetric 

3 Any integer 1: quasi-Newton method; 2: fully Newton-Raphson method; 

otherwise: modified Newton method 

4 int[0, 6] 0: not used; [1, 6]: maximum number of BFGS updates allowed before 

a complete restart from the original D-matrix 

5 10
-4

 (suggested) Tolerance for convergence. 

6 Any value Tolerance for strain subdivision (not used when line 8 is 1) 

7 [0.9, 0.95] Beta constant for the strain subdivision scheme (not used when line 

8 is 1) 

8 Any integer Type of strain subdivision. 1: no strain subdivision 

9 int(>0) Maximum number of steps in one strain increment (not used when 

line 8 is 1) 

10 Any value Minimum ratio of a sub-strain increment to the total strain increment 

(not used when line 8 is 1) 

Table 4-2 - Description of numerical control parameters for the input file to SM2D. 

The second block changes according to the constitutive model to be used for the test 

simulation. In this case, the RMW model will be used, and the second block assumes 

the following configuration (with a continuation of the line numbers based on the first 

block): 

 

Line 12 shows the identification name for the constitutive model to be used. In this 

case, "ROUAINIA MODEL-TWO" corresponds to the RMW constitutive model described 

above. 

The block from line 13 to 15, corresponds to the model properties, as shown in Table 

4-3. For the description of the model parameters, the reader is referred to Table 4-1. 
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Line n. Column 1 Column 2 Column 3 Column 4 

13 * * M ’ 

14 R A B 0 

15 pc k  r0 

Table 4-3 - Description of the RMW model properties to be specified in the input file to SM2D. 

Line 16 indicates how the centre of the bubble surface (equation 4-15) is determined. It 

can be equal to 1 or 2 meaning: 

1. The centre of the bubble surface is specified by the user in Line 17. 

2. The centre of the bubble coincides with the initial stress state given in Line 11. 

When using option 1, it is necessary to specify the effective stress in the xx, yy, zz and 

xy direction in Line 17, to place the bubble in the desired position. The program 

performs checks on the initial position of the bubble and, if it is placed such that it 

intersects the structure surface, an error is given, and the calculation is stopped. 

Line 18 consists also of four values, corresponding to the elements of the tensor of 

anisotropy 0 (equation 4-17). The first item is −2
0
3⁄ , the subsequent two items are 

equal to 
0
3⁄  and the last one should be equal to zero. 

Finally, when using equation 4-7 (Viggiani and Atkinson, 1995) for the shear stiffness 

modulus, an additional row is necessary, as in Table 4-4. 

 

Line n. Column 1 Column 2 Column 3 

19 mg ng Ag 

Table 4-4 - Description of the stiffness parameters according to the equation proposed by Viggiani and Atkinson 

(1995) to be specified in the input file to SM2D. 

The third and last block defines the test conditions. An example is shown below 

(considering the starting line at 20): 
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All properties, together with their meaning and possible values, are described in Table 

4-5. 

 

Line n. Values Description 

20 int( 0) Number of segments from the lower to the upper limit or vice versa. 

21 int( 0) Controlling variable 0: system increment; 1: deviatoric stress; 2: mean 

pressure; 3: total stress-xx: 4: total stress-yy; 5: total stress-zz; 6: 

total stress-xy; 7: pore pressure; 8: total strain-xx; 9: total strain-yy; 

10: total strain-zz; 11: total strain-xy. 

22 int(> 0) Maximum number of steps in one tram. 

23 int(> 0) Interval at which the D-matrix is updated. 

24 int(> 0) Maximum number of iterations in one increment. 

25 Any value Two values indicating the lower and upper limit of the control variable. 

26 Any value The size and initial sign of the system increment. 

27 (see below) The code for the type of analysis for this set. 

Table 4-5 - Description of the laboratory test condition block for the input file to SM2D. 

The predefined types of tests are: 

• TRIAXIAL DRAINED-XX: triaxial drained test with the xx component of the strain 

being incremented; 

• TRIAXIAL UNDRAINED-XX: triaxial undrained test with the xx component of the 

strain being incremented; 

• CONFINED COMPRESSION-XX: total confined test incrementing the xx 

component of the strain, as in an oedometer; 

• ISOTROPIC COMPRESSION-XX: isotropic compression test with all normal 

stresses simultaneously incremented; 
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• UNCONFINED COMPRESSION-XX: unconfined compression test, incrementing 

the xx component of the strain;  

• ISO-STRAIN COMPRESSION-XX: same experimental set up as an isotropic 

compression test controlled by the strains; 

• CONSTANT P COMPRESSION-XX: triaxial test with constant mean pressure and 

with increments in deviatoric stress. 

Finally, it is also possible to use other test conditions by using the keyword USER, 

followed by five pairs of values corresponding to: 

• Total stress xx; Total strain xx 

• Total stress yy; Total strain yy 

• Total stress zz; Total strain zz 

• Total stress xy; Total strain xy 

• Volumetric strain; Pore pressure 

Values can be: 

• -1: the value is calculated, therefore not controlled 

• 0: there is no change in the value 

• 1: the increment in each step is equal to the system increment 

• 2: the increment in each step is equal to minus system increment 

• 3: the increment in each step is equal to minus half system increment. 

As an example, the set of values corresponding to TRIAXIAL DRAINED-XX is: 

• -1 1 

• 0 -1 

• 0 -1 

• 0 -1 

• -1 0 

It is possible to simulate multiple test phases by simply adding another block with the 

desired test conditions. The case of a test consisting of an isotropic compression phase 

up to 100 kPa, followed by a strain-controlled triaxial drained test up to a maximum 

axial strain of 10%, is shown below. 
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At the end of the test blocks, the file must end with the following two lines: 

 

They indicate the end of the input conditions. 

After successfully completing the calculation, the results are printed to a file "sm2dsto", 

whose structure will be described in Appendix A. 

4.5.2 Modifications to model implementation in SM2D 

In this section, the implementation details for the modifications that have been applied 

to the "sm2dmo.for" file prior to all calculations performed in this research are 

described. Note that the implementation of the new features of the RMW model, based 

on the observations done on the simulation results on the Maltese soft rocks, will be 

described in Chapter 9. 

The SM2D version used in this research is "2008.0803". 

The model subroutine FORMH has been modified to adapt the calculation of Hc and Hi 

according to the equations 4-30 and 4-34, respectively. On the contrary, version 

2008.0803 calculated the values of Hc and Hi as: 



 

 

195 

 

𝐻𝑐 =
{
 
 

 
 𝑝𝑐(𝑝 − 𝑝𝛼) [𝑅𝑝 + (𝑟 − 1) (

3
2𝑀𝜃

2) (𝒔 − 𝒔�̅�):𝟎] −

−𝑇 [𝑟 (
3
2𝑀𝜃

2) (𝒔 − 𝒔�̅�):𝟎 + 𝑅𝑝]
}
 
 

 
 

(∗ − ∗) [(𝑝 − 𝑝𝛼)2 + (
3
2𝑀𝜃

4) (𝒔 − 𝒔�̅�): (𝒔 − 𝒔�̅�)]
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with: 

𝑇 = 𝑝𝑐𝑘 (
𝑟 − 1

𝑟
)√[(1 − 𝐴) + (

3𝐴

2𝑀𝜃
4) (𝒔 − 𝒔�̅�): (𝒔 − 𝒔�̅�)] 
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𝐻𝑖 = ‖
𝜕𝑓𝑏
𝜕𝝈
‖

𝑟𝐵𝑝𝑐
2

(∗ − ∗)𝑅
(
𝑏

𝑏𝑚𝑎𝑥
)
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For the sake of completeness, it should be mentioned that alternative formulas of the 

interpolation modulus Hi exist in literature. de Lillis (2017) has modified the equation of 

Hi, by introducing b0 which represents the value of b in the latest transition from elastic 

to plastic loading conditions (Kavvadas and Amorosi, 2000): 

 𝐻𝑖 = ‖
𝜕𝑓𝑏
𝜕𝝈
‖
−2 𝐵𝑝𝑐

3

(∗ − ∗)𝑅
(

𝑏

𝑏0 − 𝑏
)
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Another formula has been proposed by Grammatikopoulou et al. (2006) and 

implemented by González et al. (2012): 

 𝐻𝑖 =
𝐵𝑝𝑐

3

(∗ − ∗)
(

𝑏

𝑏𝑚𝑎𝑥 − 𝑏
)



𝑅2 
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Finally, Bertoldo and Callisto (2019) introduced the following equation: 

 𝐻𝑖 =
𝐵𝑝𝑐

(∗ − ∗)𝑅
(
𝑏

𝑏𝑚𝑎𝑥
) (

𝑏0
𝑏0 − 𝑏

) 
4-41 
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Further research may involve exploring the adaptability of such equations to the case 

of natural soft rocks. 

In addition, a bug has been fixed in the subroutine FORMDE, where the elastic matrix is 

created. In fact, when using a value of  different than zero, to introduce anisotropic 

elasticity as in Graham and Houlsby (1983), the elements in position (1,1) and (4,4) of 

the De matrix were multiplied by 2, while equation 4-9 shows that the first one is not 

multiplied by any coefficient and the second one should be multiplied by . 

Furthermore, some modifications were required to extract additional quantities for 

further elaborations and inspections of intermediate results, as for example, the 

calculation of the plastic volumetric and plastic deviatoric strains for plotting the flow 

rule, or the value of the plastic moduli at each step. 

4.5.3 Input to PLAXIS 

The constitutive model is implemented in the finite element program PLAXIS (Brinkgreve 

et al., 2019), using the explicit forward-Euler scheme with adaptive steps. 

The program allows to simulate conventional laboratory tests (e.g. triaxial test, 

oedometer test, isotropic compression test) using the SoilTest driver, based on a single 

stress point (Figure 4-7). 

 

Figure 4-7 - SoilTest user interface in PLAXIS. 

Arbitrary stress paths can be simulated by either using the General option in SoilTest 

or by creating a FEM model representing one quarter of a specimen (Figure 4-8). 
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The input parameters for the RMW model are the same as in Table 4-1, except from pc. 

In addition, it is required to specify the overconsolidation ratio OCR and the coefficient 

of earth pressure at rest k0, since they are used for the model surfaces initialisation 

instead of pc. 

It is important to specify that OCR does not represent the geological overconsolidation 

ratio, but it represents the ratio between the size of the reference surface, 2pc, and the 

current mean pressure, p: 

 𝜎𝑥𝑥 = 𝜎𝑧𝑧 = 𝑘0𝜎𝑦𝑦 4-42 

 
𝑝 =

𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧

3
 

4-43 

Therefore, equation 4-13 is solved in terms of pc, considering that OCR represents the 

“distance” along the p-axis between the current stress and the reference surface: 

 

𝑝𝑐 = [
3

2𝑀𝜃
2
(𝒔): (𝒔) + (𝑂𝐶𝑅 ∙ 𝑝)2]

1

2𝑝 ∙ 𝑂𝐶𝑅
 

4-44 

 

Figure 4-8 - FEM model for the simulation of a consolidated strain-controlled triaxial test in PLAXIS. 
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The centre of the bubble surface coincides with the current stress state unless that 

would mean an intersection between the bubble and the structure surface. Differently 

from SM2D, the model implemented in PLAXIS performs not only a check on the 

position of the bubble surface with respect to the structure surface, but it also places it 

automatically in an acceptable position. For example, when r is equal to 1, the structure 

surface coincides with the reference surface. If k0 and OCR are also equal to 1, then pc 

is equal to p/2. The centre of the bubble cannot be in (p, 0), because it would mean 

that the bubble would intersect the structure surface, but it is at (p - Rpc, 0) (Figure 

4-9). 

As in the case of SM2D, the results can be visualised at the end of the analysis, not 

only in terms of stress-strain components but also of state variables. State variables 

can help to keep track of the evolution of the model-specific variables, e.g. the factor 

of structure r, the coordinates of the centre of the bubble, etc. More details will be given 

in Chapter 5. 

 

Figure 4-9 - Representation of the case of the bubble not being centred in the current stress state since it is also 

belonging to the structure surface. 
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4.5.4 Modifications to model implementation in PLAXIS 

In this section, the two modifications introduced for the PLAXIS model implementation 

are illustrated. The changes refer to the elastic stiffness moduli calculated according to 

the formula by Viggiani and Atkinson (1995). 

In the original implementation, G is calculated according to equation 4-7 and the bulk 

modulus K is calculated as a function of the mean pressure and of the swelling index, 

as in equation 4-5. Consequently, even if a constant value is assigned in the input 

window, the coefficient of Poisson is calculated as: 

  =
3𝐾 − 2𝐺

2(3𝐾 + 𝐺)
 

4-45 

Based on the current value of K and G (both stress dependent), the coefficient of 

Poisson may vary and even become negative. Therefore, the model implementation has 

been modified to account for a constant value of , while the bulk modulus is calculated 

as in equation 4-8. 

Additionally, an error has been fixed in the calculation of the shear stiffness in the 

subroutine Dmat_lcc_elast, according to equation 4-7. In fact, the isotropic 

overconsolidation ratio was calculated as the ratio of 𝑝𝑐 𝑝⁄ , where pc represents only 

half of the reference surface dimension. This means that both the shear stiffness and 

the Young’s modulus were much lower compared to ones expected when the isotropic 

overconsolidation ratio is correctly calculated as 2𝑝𝑐 𝑝⁄ . For a given set of parameters 

(Table 4-6), triaxial undrained compression tests have been performed at a cell 

pressure of 100 kPa for different overconsolidation ratios (1, 2 and 4). 

The comparison of the calculated stiffness moduli is shown in Table 4-7. 
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Parameter Value Parameter Value 

* 0.11  1.5 

* 0.023 k 1 

’ 0.25 OCR 1, 2, 4 

M 1.2 k0 1 

R 0.5 A 0.5 

r0 1.8 mg 0.218 

0 0.0 ng 0.745 

B 1 Ag 1600 

Table 4-6 - List of parameters and corresponding values used for the comparison between the old and new 

implementation of G. 

OCR = 1 – pcell = 100 kPa 

G original (kPa) 42367 G modified (kPa) 49291 

E original (kPa) 30076 E modified (kPa) 124954 

 original (-) -0.65  modified (-) 0.25 

OCR = 2 – pcell = 100 kPa 

G original (kPa) 49278 G modified (kPa) 57333 

E original (kPa) 31107 E modified (kPa) 145592 

 original (-) -0.69  modified (-) 0.25 

OCR = 4 – pcell = 100 kPa 

G original (kPa) 57316 G modified (kPa) 66688 

E original (kPa) 32052 E modified (kPa) 169686 

 original (-) -0.72  modified (-) 0.25 

Table 4-7 - Comparison between elastic moduli and Poisson's coefficient in the original and modified RMW 

implementation for PLAXIS. 
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5 SENSITIVITY ANALYSIS OF THE RMW MODEL PARAMETERS 

The use of advanced constitutive models requires not only a deep understanding of the 

fundamental laws characterising the model, but also requires the user to properly 

initialise the model and to perform an accurate calibration of its parameters. 

The number of parameters in constitutive models has always been a major issue of 

debate between practising engineers (requiring less parameters) and modellers 

(providing more parameters) (Kavvadas, 1998). The well-known Mohr-Coulomb model 

requires only 5 parameters: two constants for the linear elastic stiffness (e.g. the 

Young’s modulus and the coefficient of Poisson) and three values representing the 

strength (i.e. cohesion, friction angle and dilatancy angle). For this reason, this model 

is often preferred to advanced models, even though a small number of parameters also 

means many assumptions and limitations that the engineer must accept. As an 

example, when using the Mohr-Coulomb model, one should consider that: 

• the elastic domain is very large and extends up to failure, with no possibility to 

account for hardening or softening; 

• there is no cap surface along the isotropic axis, meaning that the soil behaviour 

remains elastic during isotropic compression; 

• there is no influence of a preconsolidation pressure. 

In this respect, models with increased complexity and a larger number of parameters 

provide freedom to describe more features of soil behaviour (Kavvadas, 1998). At the 

same time, such models require a knowledgeable user to exploit this freedom and to 

evaluate the results that could otherwise lead to misleading interpretations. 

Additionally, the user should not forget that the behaviour of real soils is far more 

complex than any constitutive model can describe, as soil models are only a 

simplification of reality (Kavvadas, 1998), and that there are soil characteristics that 

are not included in the model but that contribute to define the material behaviour. 
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The constitutive model chosen in this study is the RMW model (Rouainia and Muir 

Wood, 2000), described in Chapter 4 and characterised by a certain number of 

parameters whose calibration undergoes a complex procedure that relies on: 

1. a good testing campaign characterised by extensive in-situ and laboratory 

tests; 

2. strategies to estimate the value of parameters that cannot be associated with a 

specific measurable quantity of the material behaviour. 

The first point will be addressed in Chapter 7 and 9 with respect to two different soft 

rocks, based on well-documented experimental results and considering the effect of 

potential errors, difficulties and uncertainties of the experimental methods and results. 

The second point will be addressed in this chapter.  

5.1 Analysis of the model parameters 

The model proposed by Rouainia and Muir Wood (2000) is characterised by twelve 

parameters, according to the implementation in SM2D and considering the hypoelastic 

law as in the Cam-Clay models.  

The model can be used as either a single-surface, a two-surfaces, or a three-surfaces 

model. These three cases will be outlined in the next subparagraphs, showing the 

parameters that are progressively necessary in each case to fully describe the model. 

5.1.1 Single-surface model 

This is the case of the RMW model coinciding with the Modified Cam-Clay formulation, 

i.e. when both the factor of structure r and the ratio R, regulating the size of the elastic 

bubble, are equal to 1 and, consequently, both the bubble and the structure surface 

coincide with the reference surface (as explained in paragraph 4.2). 

In this configuration, it is possible to simulate the behaviour of a reconstituted material, 

after calibrating only the following five parameters: 

• *, slope of the normal compression line in the (ln 𝑣 , ln 𝑝) plane 

• *, slope of the swelling line in the (ln 𝑣 , ln 𝑝) plane 

• , coefficient of Poisson 

• M, stress ratio at critical state 



 

 

203 

 

• pc, preconsolidation pressure 

The parameters above can be directly measured based on laboratory tests on 

reconstituted samples. Their value is kept also when introducing the structure, since 

they refer to the intrinsic state of the material. The only exception is the preconsolidation 

pressure, which will assume different values when simulating the reconstituted or the 

natural behaviour. A reconstituted material placed in the consolidometer will undergo a 

very short consolidation process prior to the beginning of the test (neglectable from the 

modelling point of view), meaning that the sample experiences elasto-plastic behaviour 

during loading, moving along the normal compression line (Figure 5-1a). The model 

surface must be very small, and pc should be taken as half of the initial mean pressure 

(Figure 5-1b). 

The parameters * and * can be calculated through one-dimensional or isotropic 

compression tests with unloading and reloading cycles; the coefficient of Poisson can 

be derived from an estimation of the elastic stiffnesses measured in triaxial tests, 

considering also that its variability is quite low (in the range of 0.10 to 0.35, depending 

on the soil); the stress ratio M is obtained from the results of triaxial tests performed 

up to critical state (Figure 5-2). 

 

Figure 5-1 – a) Initial state of a reconstituted material prior to isotropic compression in the (𝑣, ln 𝑝) plane; b) 

corresponding configuration of the single-surface model. 
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Figure 5-2 - Indication of the stress ratio at critical state for a set of experimental triaxial tests. 

5.1.2 Two-surfaces model 

As outlined in paragraph 3.1.4, reconstituted soils subjected to loading and then, 

unloading, keep a memory of past loading history. This means that the unloading 

response as well as the behaviour exhibited during a new loading cycle along an 

arbitrary stress path cannot be purely elastic and should depend on the distance 

between the current stress state and what represents the maximum experienced load. 

This requires the introduction of a bubble surface, enclosing the small elastic domain, 

while the reference surface acts as a bounding surface. 

The model surfaces evolution of a reconstituted material during isotropic compression 

is here described: 

a) The material is placed in a triaxial cell with an initial cell pressure p0. The initial 

configuration of the model surfaces is shown in Figure 5-3, with the current 

stress state lying on both the bubble and the reference surface, characterised 

by very small sizes defined by pc,0. The bubble is smaller than the reference 

surface by a factor R, since the purely elastic domain of a soil is assumed to 

be very small. 
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Figure 5-3 - a) Initial state of a reconstituted material prior to isotropic compression in the (𝑣, ln 𝑝) plane; b) 

corresponding configuration of the two-surfaces model. 

b) The specimen is loaded in the cell up to a mean pressure p1 (Figure 5-4a). Both 

surfaces have enlarged due to positive isotropic volumetric hardening, and the 

new preconsolidation pressure is equal to pc,1 (Figure 5-4b). Plastic volumetric 

strains have been calculated by the model considering an associated flow rule 

and calculating the plastic modulus based on the consistency condition (as in 

the Modified Cam-Clay model). 
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Figure 5-4 – a) Isotropic compression up to p1; b) corresponding model surfaces configuration after isotropic and 

comparison with the initial configuration. 

c) The specimen is unloaded until a mean pressure p2 is reached (Figure 5-5a). 

During this phase, the behaviour of the material is modelled as elastic from the 

beginning of the unloading phase up to the point in which the stress state 

touches the bubble again, on the other side (equal to p1 – 2Rpc,1), indicated 

with the letter A (Figure 5-5b). After that, the response is elasto-plastic. Plastic 

strains are calculated based on the associated flow rule and with the plastic 

modulus consisting of two contributions: one derived from the consistency 

condition and another one that depends on the distance between the current 

stress state and its conjugate point on the bounding surface (in this case, the 

reference surface). Due to elasto-plastic unloading, the position of the bubble 

surface has changed, since the current stress state drags the bubble surface 

following a kinematic hardening rule. 
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Figure 5-5 – a) Unloading up to p2; b) corresponding model surfaces configuration plane and comparison with the 

previous configurations. 

d) When loaded again along the same stress path, the behaviour is initially elastic 

and then again elasto-plastic, as in the previous case, but with a different 

conjugate point and, consequently, a different distance between c and , 

meaning that the plastic strains developed in this phase are different in 

magnitude. Considering Figure 5-6 and equation 4-30, and assuming that pc did 

not reduce considerably during the unloading phase, the distance bmax is the 

same in both cases while b is smaller in the last loading phase (Figure 5-6b) 

compared to the previous unloading phase (Figure 5-6a). Given that the other 

parameters in equation 4-30 are the same, a smaller value of b also means a 

smaller value of the plastic modulus Hi, and, therefore, larger plastic strains 

(equation 4-24). 
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Figure 5-6 - Indication of the distance between current stress and its conjugate point during a) unloading; b) 

reloading. 

The stress path illustrated above highlights the importance of the calibration of other 

three parameters, when modelling the two-surfaces case: 

• R, ratio of the bubble surface over the reference surface 

• B, stiffness interpolation parameter 

• , exponent of the normalised distance 

While R can be measured with appropriate laboratory tests that aim to investigate the 

extension of the true elastic domain of a material, B and  determine the magnitude of 

the interpolation modulus Hi and how it changes based on a normalised distance 

between the current stress point and its conjugate point. These two parameters are less 

easily associated to a specific characteristic of the material behaviour since they play 

a role in the formula of the interpolation modulus, hereby repeated: 

 𝐻𝑖 = ‖
𝜕𝑓𝑏
𝜕𝝈
‖
−2 𝐵𝑝𝑐

3

(∗ − ∗)𝑅
(
𝑏

𝑏𝑚𝑎𝑥
)



 
5-1 

5.1.3 Three-surfaces model 

The behaviour of natural materials requires the introduction of a third surface, related 

to the material bonding and cementation, which can expand but also reduce its size due 
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to hardening and structure degradation. The model is still based on the definition of a 

reference surface, representing the state of the reconstituted material which the natural 

material tends to, due to destructuration. For this reason, some of the model parameters 

still refer to the intrinsic properties of the material, even when in its natural state. 

The additional surface requires the calibration of other four model parameters: 

• r0, initial ratio of the structure surface over the reference surface 

• 0, coefficient of anisotropy of the structure surface 

• A, relative effectiveness of plastic volumetric and plastic deviatoric strains 

• k, absolute rate of destructuration 

From these parameters, only r0 may be estimated based on laboratory test results, as 

it will be shown in Chapter 9. On the contrary, the other parameters, 0, A and k, are 

less easily associated to a specific characteristic of the material behaviour, like B and 

. 

In the three-surfaces case, multiple mechanisms act at the same time: 

• the interpolation formula (equation 5-1) influences the model response when 

the bubble moves inside the structure surface, meaning that plastic strains are 

accumulated; 

• plastic volumetric strains change the size of all surfaces through a variation of 

pc (equation 4-15), which in return affects the plastic interpolation modulus; 

• plastic strains reduce the factor of structure r (equation 4-21), that also affects 

the distance b between the current stress point and its conjugate point.  

5.1.4 Summary 

The points outlined above show the complexity of the constitutive model laws and the 

necessity of decoupling as much as possible the various phenomena.  

Since the objective of this research is to explore the capability of the RMW model to 

capture the mechanical behaviour of soft rocks, typical soft rock values are chosen for 

the intrinsic properties (generally based on the experimental results of the Maltese soft 

rocks presented in Chapter 8 and 9). The subsequent steps consist of evaluating the 
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influence of different combinations of B and  in the two-surfaces case, and later 

analysing the effects of 0, A, and k when introducing the third surface. 

Table 5-1 offers an overview of the RMW model parameters, distinguishing between 

those that can be calibrated when laboratory test results are available and those that 

cannot be directly linked to a specific soil characteristic. 

 

Parameter *
 *

 ’ M pc R r0 B  0 A k 

Single-surface model X X X X X        

Two-surfaces model X X X X X X  X X    

Three-surfaces model X X X X X X X X X X X X 

Table 5-1 - Model parameters: parameters in bold face cannot be taken directly from lab measurements. 

5.2 Strategies for the calibration of model parameters 

5.2.1 Parameter optimization 

One often-used strategy for calibrating the model parameters is to use an optimisation 

algorithm based on inverse analysis (Knabe et al., 2013; Rouainia and Muir Wood, 

2000). This method consists in finding a set of parameters that minimises the distance 

between the model results and the target results, which could be an experimental curve. 

These automatic methods have been used in different engineering fields, and they may 

be grouped in gradient methods (Gioda and Meier, 1980; Ledesma et al., 1996; Calvello 

and Finno, 2002), neural network-based techniques (Obrzud et al., 2009a; Obrzud et 

al., 2009b;), genetic algorithms (Simpson and Priest, 1993; Pal et al., 1996; Levasseur 

et al., 2007; Taborda et al., 2010; Papon et al., 2012) and particle swarm optimisation 

(Kennedy and Eberhart, 1995; Eberhart and Kennedy, 1995; Schanz et al., 2006; Meier 

et al., 2008). 

Optimisation methods are very effective for making the parameters suitable for a 

specific test, as they ensure the best possible fitting along a specific stress path. 

However, there could exist more than one combination of values that can well 

reproduce one single result, and, without more reference results, it could be difficult to 

choose the most appropriate one. 
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Furthermore, when the optimisation procedure is based on best-fitting a single test, the 

values obtained may result in unsuitable behaviour for other tests, under different 

loading conditions. As a result, these optimised values cannot be used to run 

simulations, because they do not correctly capture the material’s behaviour.  

This is especially the case when using the model in boundary value problems, where 

the material is subjected to more complex loading conditions than those defined in the 

laboratory and the calibrated values using such an optimisation procedure may result 

in unexpected and undesired behaviour. 

Consequently, unless several different tests have been taken into account during the 

optimization procedure, this method is characterised by certain problems which make 

it impractical for real-world usage in engineering projects. 

5.2.2 Sensitivity analysis 

Another strategy to calibrate model parameters is to perform a sensitivity analysis, by 

systematically investigating the effect of different combinations of values along several 

stress paths. This will help identifying a possible range of values that is best suited for 

the material under investigation (given that the other parameters are correctly calibrated 

based on the experimental data), for arbitrary loading conditions. Note that the scope 

of this analysis is not to establish an absolute range of values that is universally 

applicable to all model usages. Each one of the model parameters that cannot be 

directly linked to a specific soil characteristic has a role in a mathematical law that 

describes the model, together with other well-known soil characteristics, e.g. *, M and 

*.  

Considering the two-surfaces case, the effect of B and  on the material response is 

observed during elasto-plastic loading/unloading paths within the reference surface, 

that here acts as a bounding surface. When the bubble touches the reference surface 

and the stress state remains on both surfaces, Hi becomes equal to zero, since the 

distance b is zero.  Considering equation 5-1, Hi and, consequently, the plastic strains 

are also influenced by the values of pc, the slopes * and *, and the relative size of the 

bubble R. All these quantities may have different values based on the material. For 
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example, Gonzalez et al. (2012) estimated the intrinsic values of * and * for London 

clay to be equal to 0.168 and 0.080, respectively. Later in this thesis, in Chapter 9, it 

will be shown that the soft rocks in Malta are characterised by values in the order of 

0.040 to 0.090 for *, and 0.001 to 0.006 for *. This should explain why it may not 

be possible to define an absolute range of values for B and , valid for all materials. 

Similar observations can be done also for the parameters characterising the three-

surfaces model response. 

Therefore, it is very important to identify a set of values specific to the material that is 

suitable for most of the tests. This chapter discusses the effects of these model 

parameters and tries to develop an intuition for how they affect the model’s physical 

behaviour. 

5.3 Calibration tool 

To extensively investigate the model behaviour under different loading conditions and 

with different combinations of parameters, two important developments were 

necessary: 

1. the existing Fortran implementation of the RMW model in SM2D was enhanced 

to expose an additional set of internal results not yet part of the results file but 

of fundamental importance in analysing the model response. Additionally, 

different versions of the SM2D executable have been generated, containing 

modifications to explore, for example, different elastic rules. 

2. a tool was created that drastically simplifies the elaborate process of calibration 

of the parameters. Firstly, it allows the user to run an extensive amount of 

numerical tests using a simulation software, each varying the input parameters 

in a certain way, and storing the results for further analysis. Secondly, it enables 

the user to visually compare the simulation results not only in terms of stress-

strain behaviour, but also in terms of the evolution of the model surfaces as 

well as variation of quantities like the plastic modulus (total, interpolation, from 

consistency condition), accumulated plastic strains (having subtracted the 

elastic part from the total strain), and a vast amount of other derived results. All 
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of this leads to an improved understanding of the effects of varying the model 

parameters. 

The tool is created using Python (Van Rossum and Drake, 2009), a powerful open 

source interpreted programming language, ideal for rapid prototyping. To process large 

amounts of data very quickly, numerical packages like NumPy (Harris et al., 2020) and 

Pandas (McKinney, 2010) have been integrated in the tool, offering very powerful 

resources in research activities, as well as support for JupyterLab (Kluyver et al., 2016), 

a web-based interactive development environment that provides a graphical user 

interface to get instant visual feedback. 

The design of the tool has been created in such a way that it can be used both with 

SM2D and PLAXIS SoilTest, and it can be extended to support other simulation software 

packages, with minimal effort. 

Using JupyterLab, it is possible to define a list of parameters and for each parameter a 

list of values representing the parameter variation. Then, a user interface will be 

automatically created based on this configuration, in which the user can select which 

parameter should be varied during the analysis. For the other model parameters, the 

user can choose fixed values by selecting for each parameter a value from a drop-down 

menu. Finally, the user can start the parameter variation analysis, by clicking the 

calculate button (Figure 5-7). At the end of the analysis, the results are immediately 

plotted in several charts using Plotly (Plotly Technologies Inc., 2015), an interactive, 

scientific data visualization package integrated with Python (Figure 5-8).  

It is also possible to choose fixed values for all model parameters and vary the test 

type: all configured test simulations are executed, giving an overview of the model 

response under a variety of loading conditions. 
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Figure 5-7 – Variations in JupyterLab. 

 

Figure 5-8 – Results in JupyterLab. 
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Being RMW a multi-surface constitutive model, it is also considered to be very 

important to visualise the surfaces evolution during every step of the simulated test and 

to map it to a specific point in the stress-strain chart, the dilatancy rule plot, and others 

(Figure 5-9). Using Plotly and JupyterLab, the point representing the current state is 

updated at every step, together with the model surfaces, based on the current value of 

pc and r. In the (q, p) plot, also the vector indicating the plastic strain increment is 

shown, giving important information about its evolution. 

The results obtained at the end of the analysis are processed and written to an excel 

file for further elaboration. The excel file is identified by a unique name given by the list 

of parameters, corresponding values and test type used for the calculation. A complete 

list of results available at the end of each test simulation can be found in Appendix A. 

 

Figure 5-9 – Animations in JupyterLab. 

Each test simulation is generally quite fast since it is based on a single stress point, 

representing the specimen, but, given the extensive number of tests to perform, a 3-
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layer caching mechanism has been created. Firstly, instead of executing all possible 

simulations at the beginning, it postpones the execution of each test until it has been 

explicitly requested. This means that the user is not limited by the number of test 

simulations that are necessary to get a meaningful result. Secondly, after having 

executed a test, the results are saved to a file on disk. In this way, the next time that the 

tool is being used, and an execution of the same test with an identical input 

configuration is requested, the previously saved file will be used, instead of re-executing 

the simulation. This is particularly useful in reproducing previously found test results, 

which can be done very quickly without having to invoke the simulation kernel. Finally, 

once a simulation has either been executed or the results have been read from a 

previously saved file, the results will be kept in memory. In this way it is possible to 

switch from one result to another instantaneously without having to re-run the 

simulation. 

A more detailed description of the design of the tool can be found in Appendix B. 

5.4 Evaluation of the sensitivity of the RMW constitutive parameters 

using the calibration tool 

5.4.1 B and : two-surfaces model 

In the first part of this study, the material is considered reconstituted and, therefore, the 

factor of structure r is set equal to 1, such that the structure surface coincides with the 

reference surface.  

For the two-surfaces case (Table 5-1), all model parameters can be directly measured 

from laboratory tests, except for B and . Since this is the study of an idealised case, 

the value of each model constant, shown in Table 5-2, has been chosen such that it is 

comparable with the results obtained from the soft rocks in Malta (explained in Chapter 

9), though not corresponding to any particular case. 

Parameter Value Parameter Value 

*
 0.072 M 1.388 

*
 0.0025 R 0.1 

’ 0.12 pc (kPa) 2.5 

Table 5-2 - Intrinsic parameters values for the two-surfaces case. 
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The initial model surfaces configuration is the same as in Figure 5-3, with the current 

stress state lying on both the bubble and the reference surface, at p0 equal to 5 kPa. 

Considering that R has been chosen equal to 0.1, Rpc is equal to 0.25 kPa: the centre 

of the bubble belongs to the isotropic axis, with 𝑝�̅� equal to 4.75 kPa. 

The initial void ratio has been chosen equal to 1.4251 for p=5 kPa, which means that 

at p=1 kPa, its value is 1.7230. The initial void ratio and the slope of the compression 

line * are used to normalise the results by the equivalent pressure, peq. 

The test simulation program is summarised in Table 5-3. Each test may consist of one 

or multiple phases. 

For each test, many alternatives are simulated, by varying both B and . Both 

parameters can assume any positive value. A very large amount of parameter values 

has been analysed using the calibration tool. In this section, based on the results, the 

variations B between 0.1 and 5, and  between 0.1 and 2, will be discussed. 

Considering equation 5-1, both parameters contribute to the calculation of the plastic 

interpolation modulus Hi, meaning that their value affect the model response in all the 

tests where a certain degree of overconsolidation has been created. In the other cases 

(i.e. ISO-HP, ISO-TXU, ISO-TXD, OED), the current stress point is coincident with its 

conjugate point on the reference surface from the beginning and it remains coincident 

until the end of the test: the model behaves as Modified Cam-Clay. 

All tests, except OED, are characterised by the same Phase 1, i.e. isotropic 

compression from 5 kPa to 4400 kPa. In the ISO-HP test, the compression is extended 

to a mean pressure of 20000 kPa. Test OED consists of a k0-compression phase: the 

current stress moves along the compression line in the (e, v) plane, with the bubble 

in contact with the reference surface from the beginning to the end of the loading phase. 

Also in this case there is no influence of  (and B) since the current stress coincides 

with the conjugate point on the reference surface. 
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Name Phase 1 Phase 2 Phase 3 Phase 4 

ISO-HP Isotropic 

compression up to 

p=20000 kPa 

- - - 

ISO-TXD Isotropic 

compression up to 

p=4400 kPa 

Triaxial drained 

compression up to 

a=10% 

- - 

ISO-TXU Isotropic 

compression up to 

p=4400 kPa 

Triaxial undrained 

compression up to 

a=10% 

- - 

ISO-OCR22-

TXD 

Isotropic 

compression up to 

p=4400 kPa 

Isotropic 

unloading up to 

p=200 kPa 

Triaxial drained 

compression up to 

a=10% 

- 

ISO-OCR22-

TXU 

Isotropic 

compression up to 

p=4400 kPa 

Isotropic 

unloading up to 

p=200 kPa 

Triaxial undrained 

compression up to 

a=10% 

- 

ISO-

OCR1.3-TXD 

Isotropic 

compression up to 

p=4400 kPa 

Isotropic 

unloading up to 

p=3200 kPa 

Triaxial drained 

compression up to 

a=10% 

- 

ISO-

OCR1.3-TXU 

Isotropic 

compression up to 

p=4400 kPa 

Isotropic 

unloading up to 

p=3200 kPa 

Triaxial undrained 

compression up to 

a=10% 

- 

ISO-OCR22-

ISO-

OCR1.3-TXD 

Isotropic 

compression up to 

p=4400 kPa 

Isotropic 

unloading up to 

p=200 kPa 

Isotropic loading 

up to p=3200 kPa 

Triaxial drained 

compression up to 

a=10% 

ISO-OCR22-

ISO-

OCR1.3-TXU 

Isotropic 

compression up to 

p=4400 kPa 

Isotropic 

unloading up to 

p=200 kPa 

Isotropic loading 

up to p=3200 kPa 

Triaxial undrained 

compression up to 

a=10% 

ISO-OCR22-

ISO 

Isotropic 

compression up to 

p=4400 kPa 

Isotropic 

unloading up to 

p=200 kPa 

Isotropic loading 

up to p=10000 

kPa 

- 

OED One-dimensional 

loading up to 

p=10000 kPa 

One-dimensional 

loading up to 

p=8000 kPa 

- - 
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ISO-OCR22-

OED 

Isotropic 

compression up to 

p=4400 kPa 

Isotropic 

unloading up to 

p=200 kPa 

One-dimensional 

loading up to 

p=20000 kPa 

- 

Table 5-3 - Testing program for the two-surfaces case. 

Figure 5-10 is the graphical representation of Phase 1 for ISO tests: the behaviour is 

elasto-plastic and the outer surface (i.e. the reference surface) expands together with 

the applied isotropic pressure, up to p1. 

 

Figure 5-10 - Representation of Phase 1: isotropic compression of a reconstituted specimen a) in the (e, ln p) plane; 

b) in the (q, p) plane with the evolution of the model surfaces. 

In the case of the OED test, Phase 1 is represented in Figure 5-11. 
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Figure 5-11 - Representation of the OED test: a) k0NCL line, parallel and to the left of the INCL line; b) model 

surfaces configuration during one-dimensional consolidation. 

The isotropic compression phase may be followed by a shear phase in triaxial 

compression in drained or undrained conditions (i.e. ISO-TXU or ISO-TXD). The 

simulated results coincide with the ones obtained using the Modified Cam-Clay model 

(Figure 5-12, Figure 5-13, Figure 5-14). 

 

Figure 5-12 – a) stress-strain behaviour from a normally consolidated state, during ISO-TXD and ISO-TXU tests; b) 

stress paths from a normally consolidated state, during ISO-TXD and ISO-TXU tests. 
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Figure 5-13 – a) development of volumetric strains (ISO-TXD) and excess pore pressures (ISO-TXU) from a normally 

consolidated state; b) Representation of both phases of ISO-TXD and ISO-TXU tests in the (e, ln p) plane. 

 

Figure 5-14 – a) representation of the stress ratio during ISO-TXD and ISO-TXU tests from a normally consolidated 

state; b) Flow rule derived from ISO-TXD and ISO-TXU simulation results, starting from a normally consolidated 

state. 

5.4.1.1 Parametric variation of  

For all tests, except for ISO, ISO-TXD and ISO-TXU, there is at least one phase in which 

the bubble is not in contact with the reference surface in the conjugate point and, 

therefore, the effect of  and B can be evaluated. 
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Apart from test OED, every test is characterised by a Phase 1 during which an isotropic 

compression from 5 kPa to 4400 kPa is simulated. The behaviour is the same as 

illustrated in Figure 5-10. 

5.4.1.1.1 Phase 2 – Unloading from 4400 kPa to 200 kPa 

During Phase 2, the specimen is unloaded to different mean pressures depending on 

the simulated test. The initial unloading steps are purely elastic since the current stress 

moves inside the bubble, for a distance equal to 2Rpc (Figure 5-15), until it reaches the 

other side of the bubble surface in . The corresponding conjugate point does not 

coincide with , but there is a distance b between them. 

The parameter  is the exponent of the normalised distance b/bmax, which can vary 

between 1 (when b=bmax) and 0 (when the current stress  coincides with the 

conjugate point c). This explains why the effect of  on the simulated behaviour can 

be seen in Phase 2. The simulations have been carried out by setting B equal to 1. 

As shown in Figure 5-15, the distance b is also the maximum possible distance bmax. 

This means that, regardless of the values given to , the ratio b/bmax starts from 1. 

Subsequently, during Phase 2, the bubble moves along the isotropic axis (Figure 5-16) 

in order to reach a mean pressure of 200 kPa or 3200 kPa, depending on the test that 

is being simulated. While the bubble is dragged by the current stress , the distance b 

reduces, since the bubble is approaching the reference surface, while bmax is 

approximately equal to the same value. The ratio b/bmax becomes lower than 1. 

As a matter of fact, the distance bmax may vary during unloading, since negative 

volumetric plastic strain increments develops, causing a reduction of pc (equation 4-15). 

Because of the values chosen for B and  in this analysis, it is observed that both the 

variation of pc and, consequently, of bmax are minimal and can be neglected.  

When b becomes smaller than bmax, the value of  clearly affects the normalised 

distance, as shown in Figure 5-17. A value of  equal to 0.1 means that the effect of 

the reduced distance between the bubble and the reference surface is minimised: the 

quantity (b/bmax)

 reduced only to 75% of its initial value. 



 

 

223 

 

 

Figure 5-15 - Initial configuration of the elasto-plastic unloading phase, having reached the opposite side of the 

bubble. 

 

Figure 5-16 - Progress of the unloading phase with the bubble approaching the reference surface. 
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When  is equal to 1, there is a linear reduction of the normalised distance, such that 

at p=200 kPa, (b/bmax)

  has reduced of 95% with respect to its initial value, as 

expected. In fact, considering that: 

 𝑝𝑎𝑡 𝑏=𝑏𝑚𝑎𝑥 = (2𝑝𝑐 − 2𝑅𝑝𝑐) = 4400 − 440 = 3960 𝑘𝑃𝑎 
5-2 

and that the vector  connecting the current stress and the conjugate point lies on the 

isotropic axis, its projection b in the direction of the unit vector �̅� also belongs to the 

isotropic axis:  

 
𝑏 = 𝑏𝑚𝑎𝑥 = 3960 →

𝑏

𝑏𝑚𝑎𝑥
= 1 = 100% 

5-3 

 When the specimen is unloaded up to a mean pressure of 200 kPa:  

 𝑏𝑚𝑎𝑥 = 3960; 𝑏 = 200 (𝑎𝑡 𝑝 = 200 𝑘𝑃𝑎) →
𝑏

𝑏𝑚𝑎𝑥
= 0.05 = 5% 

5-4 

Finally, when  is equal to 2, the normalised distance tends to a value very close to 

zero, even though the current stress is not yet in contact with its corresponding image 

point on the reference surface.  

 

Figure 5-17 - Effect of  on the normalised distance during isotropic unloading from 4400 kPa to 200 kPa. 
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The same evolution is reflected on the plastic interpolation modulus, given that all the 

other parameters are kept constant, except for pc, that is updated during the analysis 

but that does not change considerably at least up to a mean pressure of 1000 kPa upon 

unloading, as it will be seen later in Figure 5-19. 

Considering the model is characterised by an associated flow rule (equation 4-27) and 

given equation 4-28 for the plastic multiplier: 

 �̇�𝒑 = �̇��̅� 5-5 

 
�̇� =

1

𝐻
(�̅�: �̇�) 

5-6 

The plastic interpolation modulus affects the magnitude of the plastic volumetric strains 

휀𝑣
𝑝

. In isotropic compression, only plastic volumetric strains are generated. Figure 5-18 

shows the evolution of the accumulated plastic volumetric strains, from the beginning 

of the plastic part of Phase 2 (p=3960 kPa) until a mean pressure of 200 kPa is 

reached. This means that the plastic volumetric strains accumulated in Phase 1 have 

been subtracted from the total plastic volumetric strains. Additionally, plastic volumetric 

strains are negative during unloading but they have been shown as positive quantities 

in Figure 5-18 to improve the readability of the chart. 
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Figure 5-18 - Effect of  on the plastic interpolation modulus Hi and on the accumulated plastic volumetric strain 

during the isotropic unloading phase from 4400 kPa to 200 kPa. 

Given that very little plastic volumetric strains are generated in the case of  equal to 

0.1 or 1 for the whole unloading process, the variation of pc, determining the dimension 

of the model surfaces, is neglectable (Figure 5-19): the simulated behaviour of the 

material is very stiff. 

 

Figure 5-19 - Effect of  on the size pc, normalised by its initial value pc,0, during isotropic unloading from 4400 

kPa to 200 kPa. 
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On the contrary, when  is 2, the amount of 휀𝑣
𝑝

 is initially very small and comparable 

with the other two cases. Then, when p reaches 1500 kPa, the plastic volumetric strains 

increase very rapidly, meaning that, due to the volumetric isotropic hardening law 

(equation 5-7), pc changes: 

 

�̇�𝑐 =
휀�̇�
𝑝

∗ − ∗
𝑝𝑐 5-7 

Considering that the plastic volumetric strain increments are negative, pc reduces by 

about 4% with respect to its initial value. This causes a change in dimension of the 

model surfaces, as shown in Figure 5-20 by the continuous lines, while the dotted lines 

indicate the initial sizes and configurations of both the bubble and the reference surface 

(at the beginning of Phase 2). 

This very small reduction does not affect considerably the simulated behaviour of the 

specimen in the (𝑒, ln 𝑝) plane (Figure 5-21), but it may affect the behaviour in a 

subsequent phase. For example, during Phase 3, it may be possible to simulate the 

shear phase of a triaxial test in either drained (TXD) or undrained (TXU) conditions. 

 

Figure 5-20 - Evolution of the model surfaces when =2, from the beginning to the end of the isotropic unloading 

phase from 4400 kPa to 200 kPa. 
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Figure 5-21 - Compression behaviour during Phase 1 and Phase 2, when unloading until 200 kPa. 

5.4.1.1.2 Phase 3 – Drained shear at a confining pressure of 200 kPa 

At the beginning of the drained shear phase, the current stress  moves inside the 

bubble following a path with an inclination of 1:3 in the (q, p) plane: the behaviour is 

purely elastic until the bubble surface is touched again in another point, indicated as 

point A in Figure 5-22. This is not the case for the undrained shear phase, where the 

behaviour remains elasto-plastic and the current stress is never inside the bubble again 

(Figure 5-23). 

Note that the arrows in Figure 5-22 and Figure 5-23 indicate the direction of the stress 

path in (q, p) and do not refer in any way to the plastic strain increment vector which 

is perpendicular to the bubble surface. 

Considering that, at the end of Phase 2, the surfaces remained of the same size apart 

from a very small variation in the case of  equal to 2, the first elasto-plastic point 

during drained shear is the same for all cases (point A in Figure 5-22), meaning that 

the value of b in that point is the same, as well as bmax. Differently from before, the 

distance b in A is not coincident with bmax (Figure 5-24), and the ratio (b / bmax) starts 

from a value smaller than 1. Considering  equal to 0.1, 1 and 2, the evolution of (b / 

bmax)

 is shown in Figure 5-25. 
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Figure 5-22 - Elastic behaviour during drained shear from   to point A. 

 

Figure 5-23 - Elasto-plastic behaviour during undrained shear starting from . 
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Figure 5-24 - Representation of bmax in the first elasto-plastic point of a triaxial drained phase. 

Consistently with what was observed in the previous unloading phase, the lowest value 

assigned to  slows down the reduction of (b / bmax)
 , until it becomes abruptly equal 

to zero, when the current stress reaches the reference surface (i.e.   c). This occurs 

at a mean pressure of about 1070 kPa and it coincides with the peak deviatoric stress 

for this case. When  is larger, the normalised distance starts from a smaller value 

(about 0.2 for =1, and 0.04 for =2) and gradually reaches zero when the two 

surfaces are in contact. This happens at peak deviatoric stress in the case of =1 and 

after peak for =2 (Figure 5-26). 

It should be mentioned that, while for  equal to 0.1 and 1, b becomes exactly zero, in 

the other case, b never reaches zero but the (b=0) marker is placed when (b / bmax)
  

becomes lower than a very small quantity (10
-5

). This remains generally constant until 

the end of the test. 
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Figure 5-25 - Effect of  on the normalised distance during TXD, until b=0 (Phase 3 of ISO-OCR22-TXD). 

 

Figure 5-26 - Effect of  during TXD, until to b=0 (Phase 3 of ISO-OCR22-TXD in terms of a) stress path; b) stress-

strain response. 

Following the same trend as (b / bmax)
 , the plastic interpolation modulus Hi decreases 

in all cases (Figure 5-27) but, when  is equal to 0.1, the initial value of Hi is quite high 
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and, right before reaching 0 (when b=0), it is still in the order of 10
6

. Consequently, 

the plastic volumetric strains generated during the shear phase are very small. Note 

that also in this case they are negative, since the current stress is on the dry side of 

critical state, but they are plotted as positive quantities. On the contrary, Hi starts from 

a much smaller value when  is equal to 2, meaning that the plastic volumetric strains 

become larger and larger. 

Considering equation 5-7, the larger the magnitude of the plastic volumetric strains, the 

larger the variation of the size pc, as shown in Figure 5-28. The final curvature for the 

case of  equal to 2 is because the bubble engages the reference surface after reaching 

the peak deviatoric stress, i.e. during softening. 

It is important to understand that the development of the plastic volumetric strains is 

determined by both the plastic interpolation modulus and the plastic modulus derived 

from the consistency condition. The global change in size is an effect of total plastic 

modulus (equation 4-28). 

 

Figure 5-27 - Effect of  on the plastic interpolation modulus Hi and on the accumulated plastic volumetric strain, 

during TXD, until to b=0 (Phase 3 of ISO-OCR22-TXD). 
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Figure 5-28 - Effect of  on the size pc, normalised by its initial value pc,0 during TXD, until to b=0 (Phase 3 of ISO-

OCR22-TXD). 

As a result of what observed until now, the cases in which  is either 0.1 or 1 show a 

very similar stress-strain (Figure 5-29) and volumetric behaviour (Figure 5-30), with a 

sharp peak behaviour and high stiffness. When  is larger and equal to 2, the material 

still exhibits peak behaviour, but its stiffness starts decreasing already before reaching 

the peak deviatoric stress, followed by a smoother transition into softening. 

 

Figure 5-29 - Effect of  on stress-strain behaviour during TXD up to a deviatoric strain of 5% (Phase 3 of ISO-

OCR22-TXD). 
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Figure 5-30 - Effect of  on volumetric strains generated during TXD up to a deviatoric strain of 5% (Phase 3 of ISO-

OCR22-TXD). 

5.4.1.1.3 Phase 3 – Undrained shear at a confining pressure of 200 kPa 

In the case of an undrained shear phase, the behaviour is elasto-plastic from the 

beginning of the test (Figure 5-23). 

Similar observations can be made as in the case of a drained shear phase, but in this 

case the excess pore pressures are developed due to undrained conditions and the 

effective stress path does not have an inclination of (1:3) in the (q, p) plane. 

When  is equal to 0.1 or 1, the current stress climbs a vertical path until the bubble 

touches the reference surface (Figure 5-31). After that, the material behaviour tends to 

critical state. In the (q, pw) plane, this point corresponds to the transition into dilative 

behaviour. 

In Figure 5-32, the variation of (b / bmax)
 , and consequently of Hi, is very similar to 

the drained case: there is no considerable change of pc while the current stress is far 

from its image point. On the other hand, when  is equal to 2, the material response is 

less stiff, the bubble reaches the structure surface almost at critical state, with lower 

strength than the other two cases due to a larger reduction of pc (Figure 5-33). The 

stress-strain behaviour and the generated excess pore pressures are shown in Figure 

5-34 and Figure 5-35. 
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Figure 5-31 - Stress path in Phase 3 of ISO-OCR22-TXU. 

 

Figure 5-32 - Evolution of the normalised distance to the power of different values of  in Phase 3 of ISO-OCR22-

TXU, until the point in which b becomes zero. 
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Figure 5-33 - Evolution of the normalised size pc in Phase 3 of ISO-OCR22-TXU, until the point in which b becomes 

zero.  

 

Figure 5-34 - Effect of  on stress-strain behaviour during TXU up to a deviatoric strain of 5% (Phase 3 of ISO-

OCR22-TXU). 
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Figure 5-35 - Effect of  on excess pore pressures during TXU up to a deviatoric strain of 5% (Phase 3 of ISO-

OCR22-TXU). 

 

5.4.1.1.4 Phase 3 – Drained shear at a confining pressure of 3200 kPa 

In the case of ISO-OCR1.3-TXD and ISO-OCR1.3-TXU, Phase 2 consists of an 

unloading phase until p is equal to 3200 kPa. After that, a drained/undrained triaxial 

shear phase is simulated, with the specimen being on the wet side of critical state. 

Considering the previous cases, where the unloading phase was extended to reach a 

mean pressure of 200 kPa, and looking at Figure 5-17, Figure 5-18 and Figure 5-19, it 

is clear that this short unloading phase (up to 3200 kPa) does not cause any change in 

pc and, even if it is elasto-plastic, only extremely small neglectable plastic volumetric 

strains are generated, due to the very stiff response. 

At the beginning of the drained shear phase, as explained before for OCR=22, the 

behaviour is initially elastic since the current stress moves inside the bubble. After this, 

the material shows strain hardening behaviour: 

• For  equal to 0.1 and 1, the behaviour is very stiff until the bubble reaches the 

reference surface. This happens while all surfaces keep the same size as their 
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initial configuration. After this point, there is a marked change in stiffness and 

the material tends to reach critical state. 

• For  equal to 2, the initial response is still quite rigid, but characterised by a 

lower stiffness than the other cases. The bubble reaches the reference surface 

at a higher deviatoric stress meaning that the model started to accumulate 

plastic volumetric strains causing an expansion of the model surfaces. 

Figure 5-36, Figure 5-37 and Figure 5-38 show the results of the TXD test. In the (q, p) 

plane (Figure 5-39), it is shown the configuration of the model surfaces when b 

becomes equal to 0. After the bubble enters in contact with the reference surface, the 

model continues to experience positive volumetric hardening, due to plastic volumetric 

strains that depend only on the plastic modulus Hc, since Hi became equal to zero. 

Note that while b becomes exactly zero for  equal to 0.1 and 1, in the case of  equal 

to 2, b remains positive until the end of the analysis. In this case, the point (b=0) was 

identified with the condition of (b / bmax)
  lower than a very small quantity (10

-5

). 

Considering the stiff material response during unloading and reloading, the ISO-OCR22-

ISO-OCR1.3-TXD tests at various  give the same results as the ISO-OCR1.3-TXD tests 

and are not shown here since the resulting curves are overlapping. 

 

Figure 5-36 – Stress-strain behaviour of the ISO-OCR1.3-TXD test, with varying . 
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Figure 5-37 – Development of volumetric strains during the ISO-OCR1.3-TXD test, with varying . 

 

Figure 5-38 - Flow rule during the ISO-OCR1.3-TXD test, with varying . 



 

240 

 

 

Figure 5-39 - Stress paths and model surfaces evolution at the point of b=0, during the ISO-OCR1.3-TXD test, with 

varying . 

5.4.1.1.5 Phase 3 – Undrained shear at a confining pressure of 3200 kPa 

The results of the undrained shear phase show elasto-plastic behaviour from the 

beginning of the undrained shear phase and a quite rigid response in all cases (Figure 

5-40, Figure 5-41). 

 

Figure 5-40 – a) Stress-strain behaviour of the ISO-OCR1.3-TXU test, with varying ; b) Development of excess 

pore pressures during the ISO-OCR1.3-TXU test, with varying . 



 

 

241 

 

 

Figure 5-41 - Flow rule during the ISO-OCR1.3-TXU test, with varying . 

When the current stress is closer to its conjugate point, a larger value of  induces 

more plastic strains and a less stiff behaviour can be observed. When  is equal to 2, 

the bubble touches the reference surface almost at critical state (Figure 5-42). 

 

Figure 5-42 - Stress paths during the ISO-OCR1.3-TXU test, with varying . 
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5.4.1.1.6 Phase 3 – Isotropic compression up to 10000 kPa 

The test ISO-OCR22-ISO consists of three isotropic compression phases: 

1. Phase 1 is represented in Figure 5-10, simulating the isotropic compression of 

a reconstituted specimen from to 5 kPa to 4400 kPa; 

2. during Phase 2, the specimen is unloaded until 200 kPa, as shown in Figure 

5-15 and Figure 5-16; 

3. Phase 3 consists of an isotropic compression from 200 kPa to 10000 kPa. 

The first two phases have been already analysed above, showing that the behaviour in 

compression is very stiff for every value of  considered. Only when  is equal to 2, 

there is a slight variation of pc but, as shown in Figure 5-21, not enough to determine 

a visible variation in terms of void ratio. This is observed also when reloading the 

material in Phase 3: the reloading path follows the same swelling line until the 

preconsolidation pressure (4400 kPa) is reached, which coincides with the bubble 

engaging the reference surface. 

The model response in the three phases is shown in the (𝑒, ln 𝑝) plane in Figure 5-43, 

and in terms of normalised distance to the power of   in Figure 5-44. 

 

Figure 5-43 - Phase 1 (in black), Phase 2 (empty markers), and Phase 3 (solid markers) of the ISO-OCR22-ISO test 

in the (e, ln p) plane. 
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Figure 5-44 - Phase 1 (in black), Phase 2 (empty markers), and Phase 3 (solid markers) of the ISO-OCR22-ISO test 

as the normalised distance to the power . 

A closer look to Phase 3 is taken in Figure 5-45, where only when  is equal to 2, 

during reloading, the model response becomes gradually less stiff while approaching 

p equal to 4400 kPa. 
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Figure 5-45 - Phase 2 and Phase 3 in the compression plane. 

The quantity (b / bmax)
  becomes very small already at a mean pressure of 3900 kPa 

(Figure 5-46), initiating the curvature in the (𝑒, ln 𝑝) plane that converges to the INCL 

line. On the contrary, when  is 0.1 or 1, there is a sharp yield point at p=4400 kPa. 

 

Figure 5-46 - Evolution of the normalised distance to the power  during the elasto-plastic part of Phase 3. 
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5.4.1.1.7 Phase 3 – One-dimensional compression at high pressures 

Finally, the behaviour during the test ISO-OCR22-OED is analysed. It consists of three 

phases. Phase 1 and Phase 2 are the same as in the ISO-OCR22 tests: the reconstituted 

specimen is loaded isotropically, up to a mean pressure of 4400 kPa, and then 

unloaded, until 200 kPa are reached. Phase 3 consists of a one-dimensional 

compression phase. 

The results, plotted in the (𝑒, ln 𝑝) plane (Figure 5-47), show that the response is 

initially stiff, until a yield stress is reached, causing a rapid change in stiffness. For all 

values of , the behaviour after yield seems to converge to a unique line, parallel to the 

INCL and on the left of it, indicating the K0NLC line. The change of slope after yield is 

quite abrupt for lower  and it occurs at a slightly larger mean pressure, compared to 

the case of =2 (Figure 5-48). 

 

Figure 5-47 - Representation of the ISO-OCR22-OED test in the compression plane. 
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Figure 5-48 - Focus on Phase 3 of the ISO-OCR22-OED test in the compression plane. 

At the beginning of Phase 3, the model surfaces are as in Figure 5-20 in the case of 

=2 (and slightly larger for the other two values of ). Therefore, the current stress is 

quite distant from its conjugate point on the reference surface, meaning that the plastic 

interpolation modulus is not zero and its value will decrease when the bubble 

approaches the reference surface. 

As observed in all the other tests previously analysed, lower values of  give larger 

values of (b / bmax)
  (Figure 5-49) and consequently, of Hi, i.e. fewer plastic strains. 
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Figure 5-49 - Evolution of the normalised distance to the power  during Phase 3 of the ISO-OCR22-OED test for 

all . 

As shown in Figure 5-50, when  is 1, b becomes 0 at a mean pressure of about 2100 

kPa and the way in which it decreases is linear; when  is 2, b becomes 0 at much 

larger pressures, meaning that the surfaces are expanding. 

Figure 5-51 shows that pc starts changing when the mean pressure has reached 2000 

kPa, for the case =2. This has an influence on the stress path in the (q, p) plane 

(Figure 5-52 and Figure 5-53). 

Figure 5-52 shows that, during the one-dimensional compression, the bubble moves 

inside the reference surface that does not evolve until it touches it. On the contrary, 
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Figure 5-53 shows that the bubble follows a different stress path and touches the 

reference surface when this has expanded to about 1.135 times its initial value. 

 

Figure 5-50 - Evolution of the normalised distance to the power  during Phase 3 of the ISO-OCR22-OED test for  
equal to 1 or 2. 

 

Figure 5-51 – Evolution of pc with respect to its initial value, for all , during Phase 3 of the ISO-OCR22-OED test. 
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Figure 5-52 - Stress path during Phase 3 of the ISO-OCR22-OED test for  equal to 0.1 or 1; b) for  equal to 2. 

 

Figure 5-53 - Stress path during Phase 3 of the ISO-OCR22-OED test for  equal to 2. 
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5.4.1.2 Parametric variation of B 

The parameter B is a multiplication factor of the normalised distance (b/bmax)

, 

contributing to the magnitude of the plastic interpolation modulus Hi (equation 5-1). 

In the previous subparagraph it was observed that, when  is equal to 0.1 or 1, given 

B equal to 1, the model response is quite stiff for all tested stress paths. For this reason, 

this section will discuss the effect of a variation of B (equal to 0.1, 1 and 5), having set 

 equal to 2. The combination of B and   equal to 1 and 2, respectively, was 

associated to the most deformable behaviour in the previous section, considering that 

the normalised distance is a value lower than 1 and that an exponent larger than 1 

reduces its value. 

This section will discuss the response for values of B smaller and larger than 1. It is 

expected that the model response will be stiffer for increasing values of B. 

5.4.1.2.1 Phase 2 – Unloading from 4400 kPa to 200 kPa 

The first case to be discussed is the behaviour during an isotropic unloading phase 

(Phase 2), after having simulated an isotropic compression up to 4400 kPa. The model 

surfaces at the beginning of Phase 2 are as in Figure 5-15. During unloading, the bubble 

moves along the isotropic axis, dragged by the current stress that ultimately reaches a 

mean pressure of 200 kPa. Because of the progressive reduction of distance between 

the surfaces, the plastic interpolation modulus Hi decays, according to a power rule 

that is determined by the exponent  equal to 2. A multiplication factor B as low as 0.1 

reduces Hi by a factor of 10, with respect to the case of B equal to 1, while it increases 

by a factor of 5 when B is 5, with respect to the same case (Figure 5-54). This has 

clearly a major impact on the plastic volumetric strains that reach about 2% when B is 

0.1, while they are neglectable in the other two cases (0.2% for B=1 and 0.045% for 

B=5), as shown in Figure 5-54. 

Therefore, the surfaces keep the same size when B is equal to 5 since the ratio 𝑝𝑐 𝑝𝑐,0⁄  

reduces by 0.7% only (Figure 5-55), until the end of the unloading phase. When B is 1, 

the reduction is minimal, as shown in Figure 5-20: due to the power law determining 

the evolution of Hi (and 휀𝑣
𝑝

), there is an acceleration in the reduction of pc only towards 
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the end of the unloading phase, when the distance between the current stress and the 

conjugate point has reduced considerably. 

 

Figure 5-54 - Evolution of the plastic interpolation modulus and of the plastic volumetric strains due to the variation 

of B in the unloading phase (Phase 2), with =2. 

 

Figure 5-55 - Evolution of pc with respect to its initial value, during the unloading phase (Phase 2), for all values of 

B. 
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Instead, the very large plastic strains developed in unloading when B is 0.1, determine 

a shrinkage of the model surfaces of about 25% of their initial value, due to isotropic 

hardening (Figure 5-55): the preconsolidation pressure starts decreasing from the 

beginning of the unloading phase and it accelerates towards the end, as for B=1, due 

to the chosen value of  (equal to 2). 

Figure 5-56 shows the model surfaces at the end of Phase 2 for the case of B and  

equal to 0.1 and 2, respectively. This has a big impact on the material response in the 

subsequent phase, which could be: 

1. shear in drained triaxial compression; 

2. shear in undrained triaxial compression; 

3. isotropic compression up to larger mean pressures; 

4. one-dimensional compression. 

 

Figure 5-56 - Model surfaces at the end of Phase 2 (unloading up to 200 kPa), for B=0.1, =2. 

5.4.1.2.2 Phase 3 – Drained shear at a confining pressure of 200 kPa 

In the case of ISO-OCR22-TXD, there are first a few elastic steps due to the current 

stress crossing the bubble surface according to a 1:3 stress path in the (q, p) plane 

(Figure 5-22). After that, in all cases, the current stress will be in the point indicated 

with the letter A in Figure 5-22, and, considering the different sizes of the surfaces due 
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to the unloading process explained above, it is expected that the distance b will be 

smaller when B is smaller. At the same time, the maximum distance is also different, 

larger for larger B. Considering that the model surfaces have only changed their size 

but not their shape, the ratio b/bmax is the same for all B values at the beginning of the 

elasto-plastic shearing phase (i.e. in point A of Figure 5-22): the values are summarised 

in Table 5-4. 

B value b bmax b /bmax  

B=0.1 677 3167 0.21 

B=1 853 4107 0.20 

B=5 880 4223 0.20 

Table 5-4 - Values of the distance b, maximum distance bmax and normalised distance, for all B values, at the 

beginning of the elasto-plastic shear phase (i.e. point A in Figure 5-22). 

During the elasto-plastic shear phase, negative plastic volumetric strains develop, due 

to the current stress being on the dry side of critical state (OCR=22). 

While the bubble is inside the reference surface, the plastic strains depend on both Hi 

and Hc. The value of the plastic modulus based on the consistency condition is 

comparable in all three cases, although smaller when B is 0.1 (since its value depends 

on pc, which has reduced considerably during the unloading phase). The interpolation 

modulus is quite different from the start since the normalised distance (to the power of 

2 in all cases) is multiplied by B, such that, as at the beginning of Phase 3, for B equal 

to 1, Hi is 10 times larger with respect to the case where B is equal to 0.1, and 5 times 

smaller with respect to the case of B=5. The behaviour in each of the three cases 

considered is quite different during the shear phase. 

Figure 5-57 and Figure 5-58 show the evolution of the plastic interpolation modulus 

and of the plastic volumetric strains. The results of the case B=0.1 are shown 

separately from the others, in Figure 5-57, since the two surfaces enter in contact at a 

much larger deviatoric strain, of about 5%. The corresponding plastic volumetric strain 

is about 2.8%, causing a reduction of pc to 66% of its initial value (Figure 5-59). 

The stress-strain behaviour and the volumetric response are shown in Figure 5-61 and 

Figure 5-62, respectively. It shows that, when B is 0.1, the behaviour is almost 

immediately very deformable. Plastic volumetric strains are very large causing the 
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reference surface to reduce its size considerably and such that softening occurs when 

the current stress has not yet reached its image point. The deviatoric peak stress is 

about 1000 kPa smaller than the case with the largest B, it occurs at a larger deviatoric 

strain, while the bubble touches the reference surface at an even larger deviatoric strain, 

equal to 5%. 

 

Figure 5-57 - Evolution of Hi and 𝑣
𝑝

 from the beginning of Phase 3 of the ISO-OCR22-TXD test, until b=0 when 

B=0.1. 

 

Figure 5-58 - Evolution of Hi and 𝑣
𝑝

 from the beginning of Phase 3 of the ISO-OCR22-TXD test, until b=0 when 

B=1 or 5. 
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When B is 1, the plastic volumetric strains are less than 1 % (Figure 5-58), causing a 

reduction of pc of 7% with respect to its value at the beginning of Phase 3 (Figure 5-60), 

meaning that qpeak is larger compared to the previous case, while the deviatoric strain 

at which this happens is much smaller and equal to 1% (Figure 5-61). 

The most stiff stress-strain behaviour occurs when B is 5: the bubble reaches the 

reference surface when only a neglectable amount of plastic volumetric strain has been 

generated (0.26%, Figure 5-58), causing a reduction of the model surfaces of only 1% 

with respect to its size at the beginning of Phase 3 (Figure 5-60). After this point, 

softening starts, i.e. the point in which the current stress coincides with the conjugate 

point corresponds to the peak deviatoric stressed reached in the triaxial test (Figure 

5-61). 

 

Figure 5-59 - Evolution of pc with respect to its value at the beginning of Phase 3 of the ISO-OCR22-TXD test, until 

b=0 when B=0.1. 
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Figure 5-60 - Evolution of pc with respect to its value at the beginning of Phase 3 of the ISO-OCR22-TXD test, until 

b=0 when B=1 or 5. 

 

Figure 5-61 - Stress-strain response during Phase 3 of the ISO-OCR22-TXD test behaviour. 
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Figure 5-62 - Evolution of the volumetric strains during Phase 3 of the ISO-OCR22-TXD test. 

In all cases, the test stopped at an axial strain of 10%, before reaching critical state 

(Figure 5-63 and Figure 5-64). 

 

Figure 5-63 – Stress ratio results of Phase 3 of the ISO-OCR22-TXD test. 
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Figure 5-64 – Flow rule during Phase 3 of the ISO-OCR22-TXD test. 

The model surfaces configuration at the beginning of Phase 3 of the ISO-OCR22-TXD 

test, and at the moment in which the current stress reaches its image point on the 

reference surface is shown for each value of B in Figure 5-65, Figure 5-66 and Figure 

5-67. 
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Figure 5-65 - Model surfaces at the beginning of Phase 3 of the ISO-OCR22-TXD and at b=0, for B=0.1. 

 

Figure 5-66 - Model surfaces at the beginning of Phase 3 of the ISO-OCR22-TXD and at b=0, for B=1. 
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Figure 5-67 - Model surfaces at the beginning of Phase 3 of the ISO-OCR22-TXD and at b=0, for B=5. 

Table 5-5 summarises the values of the most relevant quantities of this case. 

 

B value qpeak (kPa) 𝜺𝒒,𝒒𝒑𝒆𝒂𝒌  (%) qb=0 (kPa) 𝜺𝒒,𝒃=𝟎 (%) 

B=0.1 1505 1.8 1315 5 

B=1 2275 1 2275 1 

B=5 2478 0.5 2478 0.5 

Table 5-5 - Summary of the (q, q) values at peak and at b=0, during the shear phase of the ISO-OCR22-TXD test. 

5.4.1.2.3 Phase 3 – Undrained shear at a confining pressure of 200 kPa 

In the case of a shear phase in undrained conditions (Phase 3), similar behaviour is 

observed in each case: B=0.1 is characterised by a lower strength compared to the 

other two cases, where the initial stress path seems to climb a vertical line (Figure 

5-68). As shown in Figure 5-65, the model surfaces at the beginning of Phase 3 have 

reduced considerably when B=0.1 due to unloading, compared with B=1 or B=5. 

When B is 5, the bubble touches the reference surfaces before critical state, at a 

deviatoric strain of about 1%. This value increases at 1.8% and 6% when B is 1 and 

0.1, respectively. 
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The results of the undrained shear phase starting from an overconsolidation ratio of 22, 

are shown in Figure 5-69, Figure 5-70, Figure 5-71 and Figure 5-72. 

 

Figure 5-68 - Stress path in the (q, p) plane during Phase 3 of the ISO-OCR22-TXU test for different values of B. 

 

Figure 5-69 - Stress-strain response during Phase 3 of the ISO-OCR22-TXU test for different values of B. 
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Figure 5-70 - Development of excess pore pressures during Phase 3 of the ISO-OCR22-TXU test for different values 

of B. 

 

Figure 5-71 – Stress ratio during Phase 3 of the ISO-OCR22-TXU test for different values of B. 
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Figure 5-72 – Flow rule during Phase 3 of the ISO-OCR22-TXU test for different values of B. 

Table 5-6 summarises the values of the most relevant quantities of this case. 

B value qpeak (kPa) 𝜺𝒒,𝒒𝒑𝒆𝒂𝒌  (%) qb=0 (kPa) 𝜺𝒒,𝒃=𝟎 (%) 

B=0.1 2090 10 2066 6.2 

B=1 2715 8 2650 1.8 

B=5 2795 4.8 2602 1 

Table 5-6 - Summary of the (q, q) values at peak and at b=0, during the shear phase of the ISO-OCR22-TXU test. 

5.4.1.2.4 Phase 3 – Isotropic compression up to 10000 kPa 

The case of Phase 3 being an isotropic compression up to a mean pressure of 10000 

kPa is discussed next. 

At the end of Phase 2, the model surfaces have considerably reduced their size for 

B=0.1, while they have remained roughly the same in the other two cases (Figure 

5-56). The first steps of Phase 3 are elastic since the current stress moves along the 

isotropic axis, inside the bubble, until it reaches a mean pressure equal to (200 + 

2Rpc), different for each case. This means that the mean pressure corresponding to 

the beginning of the elasto-plastic phase is lower when B is 0.1, having the bubble a 

smaller size. 
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As explained in the case of Phase 3 being a triaxial compression, the normalised 

distance is the same for all B values at the beginning of the elasto-plastic compression, 

but the different multiplication factor B makes Hi to start from a very different value in 

each case (Figure 5-73). 

 

Figure 5-73 - Evolution of Hi from the beginning of Phase 3 of the ISO-OCR22-ISO test, until b=0. 

During isotropic loading, the plastic volumetric strains are positive, causing the model 

surfaces to expand (Figure 5-74). As in Phase 2, when B is larger or equal to 1, there 

is little change to pc and the bubble touches the reference surface at approximately 

4400 kPa. When B is 0.1, the plastic volumetric strains are much larger, causing an 

expansion of the surfaces. The main difference with the other two cases is that the 

slope of the behaviour in the (𝑒, ln 𝑝) plane is not characterised by a sharp yield point, 

after which it passes from * to *, almost instantaneously. When B is 0.1, a gradual 

change is observed starting from a mean pressure of 2000 kPa. The surfaces expand 

and, at large mean pressures, the material response follows the ICL. When B is 0.1, 

the bubble seems to engage the reference surface at very large pressures since the 

condition of b=0 was not met until 10000 kPa. 
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Figure 5-74 – Evolution of pc/pc0 from the beginning of Phase 3 of the ISO-OCR22-ISO test, until b=0. 

The behaviour in the (𝑒, ln 𝑝) plane is shown in Figure 5-75 and, magnified, in Figure 

5-76. 

 

Figure 5-75 - Phase 1 (isotropic compression, p=4400 kPa), Phase 2 (unloading, p=200 kPa), and Phase 3 

(reloading, p=10000 kPa) of the ISO-OCR22-ISO test. 
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Figure 5-76 - Focus on the 200 – 4400 kPa range of the ISO-OCR22-ISO test. 

5.4.1.2.5 Phase 3 – One-dimensional compression at high pressures 

Finally, Phase 3 may consist of a simulation of a compression in the oedometer, whose 

results are shown in Figure 5-77, Figure 5-78, Figure 5-79, Figure 5-80 and Figure 

5-81. 

 

Figure 5-77 – Representation of Phase 3 of the ISO-OCR22-OED. 
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Figure 5-78 - Focus on the 200 – 10000 kPa range of the ISO-OCR22-OED test. 

 

Figure 5-79 - Evolution of Hi from the beginning of Phase 3 of the ISO-OCR22-OED test, until b=0. 
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Figure 5-80 - Evolution of pc/pc0 from the beginning of Phase 3 of the ISO-OCR22-OED test, until b=0. 

 

Figure 5-81 - Stress path in the (q, p) plane during Phase 3 of the ISO-OCR22-OED test for different values of B. 

In the case of B=0.1, at the beginning of Phase 3, the model surfaces have reduced in 

size, due to the elasto-plastic unloading of Phase 2. The behaviour during one 
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dimensional compression is quite deformable, with large positive plastic volumetric 

strains that, now, determine an expansion of the surfaces. As a results, the bubble 

reaches the reference surface only around a mean pressure of 14600 kPa (Figure 

5-82). 

The case of B=1 has been shown in Figure 5-53, where  is 2. Also in this case, the 

bubble touches the reference surface after it expanded to about 1.135 times its initial 

value. 

 

 

Figure 5-82 - Stress path during Phase 3 of the ISO-OCR22-OED test for B equal to 0.1. 

 

Finally, when B is equal to 5, the expansion of the reference surface in the moment in 

which the current stress coincides with its conjugate point is shown in Figure 5-83. 
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Figure 5-83 - Stress path during Phase 3 of the ISO-OCR22-OED test for B equal to 5. 

5.4.1.2.6 Comparison of one unloading phase against unloading and 

reloading to the same mean pressure - TXD 

The presence of a small bubble (R=0.1) that moves according to a kinematic hardening 

rule, dragged by the current stress, allows to keep a memory of the previous loading 

history. In the tests ISO-OCR1.3-TXD/U and ISO-OCR22-ISO-OCR1.3-TXD/U, the shear 

phase starts from a cell pressure of 3200 kPa but this has been reached in two different 

ways: 

1. a single unloading phase from p=4400 kPa to p=3200 kPa; 

2. an unloading phase from p=4400 kPa to p=200 kPa, a loading phase from 

200 kPa to 3200 kPa. 

The model surfaces configuration is not the same: the main difference is the position 

of the current stress on the bubble, as shown in Figure 5-84, assuming for simplicity 

that the reference surface has not change its size. In general, it means that, during a 

drained test, there are some elastic steps in the case of ISO-OCR1.3-TXD, while the 

behaviour is elasto-plastic from the beginning of the shear phase in test ISO-OCR22-

ISO-OCR1.3-TXD. 
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When B is 1 or 5, Figure 5-74 showed that pc does not evolve during unloading and 

reloading: both surfaces keep the same size, and the behaviour is so stiff that there is 

no effect of the two loading histories on the stress-strain behaviour (Figure 5-85, Figure 

5-86). The bubble engages the reference surface in the same point in both cases, after 

which the stiffness decays (Figure 5-85b). 

 

Figure 5-84 - Initial position of the bubble and current stress, considering ISO-OCR22-ISO-OCR1.3 or ISO-OCR1.3. 
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Figure 5-85 - TXD phase, with B =5 and, after one unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or after 

simple unloading up to 3200 kPa (ISO-OCR1.3), comparison of a) stress-strain behaviour; b) stress paths and b=0 

point. 

 

Figure 5-86 - TXD phase, with B=5 and, after one unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or after 

simple unloading up to 3200 kPa (ISO-OCR1.3), comparison of a) volumetric strain development; b) flow rule. 

On the contrary, when B is 0.1, it is seen that pc reduces by 1% with respect to its initial 

value during one single unloading phase, while it reduces by 17% when performing an 

unloading/reloading cycle. Consequently, at the beginning of the shear phase, the 

reference surface is smaller after the unloading/reloading cycle (Figure 5-87), resulting 

in a lower peak strength (Figure 5-88) and larger volumetric strains (Figure 5-89a). 
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Figure 5-87 - Comparison of the stress paths during TXD, with B=0.1 and, after one unloading and reloading cycle 

(ISO-OCR22-ISO-OCR1.3) or after simple unloading up to 3200 kPa (ISO-OCR1.3). 

 

Figure 5-88 - Comparison of stress-strain behaviour during TXD, with B =0.1 and, after one unloading and reloading 

cycle (ISO-OCR22-ISO-OCR1.3) or after simple unloading up to 3200 kPa (ISO-OCR1.3). 
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Figure 5-89 - TXD phase, with B=0.1 and, after one unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or 

after simple unloading up to 3200 kPa (ISO-OCR1.3), comparison of a) volumetric strain development; b) flow rule. 

5.4.1.2.7 Comparison of one unloading phase against unloading and 

reloading to the same mean pressure - TXU 

When the shear phase is undrained, similar observations can be done since the material 

behaviour is very much influenced by the different sizes of the surfaces when B is 0.1, 

while it seems independent from the loading history when B is 1 or 5. In addition, during 

loading, the behaviour is elasto-plastic from the beginning, but the conjugate point is 

different depending on the previous loading history (Figure 5-90 and Figure 5-91), 

meaning a different normalised distance (Figure 5-92). This might influence the 

magnitude of the plastic strains although its effect is inhibited when B is large enough 

to cause a very stiff response (Figure 5-93, Figure 5-94 and Figure 5-95). 
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Figure 5-90 - Representation of the current stress  and its conjugate point during an undrained triaxial test, with 

B=0.1, at the start of the shear phase, preceded by an ISO-OCR1.3 phase. 

 

Figure 5-91 - Representation of the current stress  and its conjugate point during an undrained triaxial test, with 

B=0.1, at the start of the shear phase, preceded by ISO-OCR22-ISO-OCR1.3 phases. 
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Figure 5-92 - Normalised distance from the beginning of the undrained shear phase up, with B=0.1 and different 

loading history. 

 

Figure 5-93 – TXU phase, with B=5 and, after one unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or after 

simple unloading up to 3200 kPa (ISO-OCR1.3), comparison of a) stress-strain behaviour; b) excess pore pressure 

development. 
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Figure 5-94 - Comparison of stress paths and model surfaces during a undrained triaxial compression phase, with 

B=5 and, after one unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or after simple unloading up to 3200 

kPa (ISO-OCR1.3). 

 

Figure 5-95 - Comparison of flow rule during a undrained triaxial compression phase, with B=5 and, after one 

unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or after simple unloading up to 3200 kPa (ISO-OCR1.3). 

When B is 0.1, the surfaces are smaller after one cycle of unloading and reloading, and 

the plastic increment vectors determining the material response have different 
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directions (Figure 5-96 and Figure 5-97). Figure 5-92 shows that, at deviatoric strains 

larger than 0.05%, the normalised distance tends to converge, meaning that the current 

stress is characterised by the same unit vector with respect to the corresponding 

bubble surface. 

The combination of both phenomena results in a lower peak strength for the test ISO-

OCR22-ISO-OCR1.3-TXU, compared to the case in which the same triaxial cell pressure 

is reached by simulating a single unloading phase from 4400 kPa to 3200 kPa, as 

shown in Figure 5-98, Figure 5-99 and Figure 5-100. 

 

Figure 5-96 - Representation of the current stress  and its conjugate point during an undrained triaxial test, with 

B=0.1, during the first steps of the shear phase, preceded by an ISO-OCR1.3 phase. 
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Figure 5-97 - Representation of the current stress  and its conjugate point during an undrained triaxial test, with 

B=0.1, during the first steps of the shear phase, preceded by ISO-OCR22-ISO-OCR1.3 phases. 

 

Figure 5-98 - TXU phase, with B=0.1 and, after one unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or 

after simple unloading up to 3200 kPa (ISO-OCR1.3), comparison of a) stress-strain behaviour; b) excess pore 

pressure development. 
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Figure 5-99 - Comparison of stress paths and model surfaces during an undrained triaxial compression phase, with 

B=0.1 and, after one unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or after simple unloading up to 3200 

kPa (ISO-OCR1.3). 

 

Figure 5-100 - Comparison of flow rule during an undrained triaxial compression phase, with B=0.1 and, after one 

unloading and reloading cycle (ISO-OCR22-ISO-OCR1.3) or after simple unloading up to 3200 kPa (ISO-OCR1.3). 
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5.4.1.3 The effect of the size of the bubble on the calibration of B and   

The results of the tests performed in the previous section give important indications 

about the calibration, effect, and use of the model parameters B and . 

The testing program (Table 5-3) is not meant to be exhaustive with respect to all 

possible stress paths, since this would be unrealistic to achieve, but it is considered to 

give sufficient results to describe the model behaviour in compression and shear. 

The tests described in the previous section refer to a combination of three values for  

and three values for B. As a matter of fact, many more values have been tested and the 

ones that have been selected for the discussion were considered quite representative 

to describe the transition from deformable to stiff model response. 

Based on the values assumed for the remaining model parameters and on the 

performed test, it was observed that, when  is 2, for B values larger than 5, the stress-

strain behaviour and the volumetric response (or the excess pore pressure development 

when the test is undrained) seem to overlap, meaning that the response is sufficiently 

rigid, independently from the numerical value assigned to B. 

Also the cases of  equal to 0.1 or 1 (with B=1) give very similar results. 

These observations may wrongly lead us to think that it could be possible to define an 

absolute range of allowed values for both B and . 

As a matter of fact, the calibration of B and  is directly linked to the size of the bubble 

Rpc, which depends on the material, as it will be discussed in this section. Although a 

good in situ and laboratory testing campaign could help to unequivocally assign a value 

to the other model parameters, it is not always possible to count on enough test results. 

One of the most important and most difficult parameters to determine is R, affecting 

the behaviour in the case of the two- and three-surfaces model. 

The determination of a precise value of R is not straightforward. Specific tests are 

required to identify the extension of the truly elastic domain of the investigated material. 

In the previous section, R was assumed equal to 0.1, i.e. sufficiently small since it is 

considered that soil behaviour is inelastic already at very small strains. 

Instead, the elastic domain of natural soft rocks is often considered to be much larger. 

For this reason, most of the constitutive models developed for soft rocks are 
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characterised by a single yield surface enclosing a large area characterised by fully 

reversible behaviour (paragraph 3.3). 

In this section the case of R equal to 0.4 and 0.7 will be analysed, in the case of  

equal to 2 and B equal to 0.1 and 5. 

The choice of the B and  values has been made considering that  equal to 2 

corresponds to a slightly more deformable condition when B is 1, compared to lower 

values of . The values of B equal to 0.1 and 5 were the two limit cases analysed 

previously. 

5.4.1.3.1 Phase 1 – Isotropic loading to 4400 kPa 

Phase 1 consists of an isotropic compression until a mean pressure of 4400 kPa is 

reached. It is the same for all cases, as the current stress moves along the INCL. The 

model surfaces configuration at the end of Phase 1 is illustrated in Figure 5-10b for 

R=0.1. When R is equal to 0.4 or 0.7, the model surfaces configuration is shown in 

Figure 5-101 and Figure 5-102, respectively. 

 

Figure 5-101 - Representation of the model surfaces at the end of Phase 1 in the case of R=0.4. 
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Figure 5-102 - Representation of the model surfaces at the end of Phase 1 in the case of R=0.7. 

5.4.1.3.2 Phase 2 – Unloading from 4400 kPa to 200 kPa – B=5 

Phase 1 is followed by an unloading phase until a mean pressure of 200 kPa is reached. 

Depending on the value of R, a more or less large portion of the unloading phase is 

purely elastic. When R is 0.1, the model response is elastic until a mean pressure of 

3960 kPa is reached. This value decreases to 2640 kPa when R is 0.4 and 1320 kPa 

when R is 0.7. This means that the elasto-plastic phase starts earlier in the case of the 

smallest bubble size. 

The first case to be analysed corresponds to a value of B equal to 5. 

In the (e, ln p) plane (Figure 5-103), the results for R equal to 0.4 and 0.7 seem to 

overlap and are characterised by a larger void ratio difference at the end of the unloading 

phase, compared to the case of R equal to 0.1. The square markers indicate the end of 

the purely elastic phase for the different sizes of the bubble. 

It is observed that the variation in void ratio happens especially during the elasto-plastic 

phase, and it depends on the plastic modulus Hi, since the bubble is not in contact with 

the reference surface during Phase 2. A larger variation in void ratio means larger plastic 

strains and, therefore, lower plastic modulus. 
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Figure 5-103 - Phase 1 (isotropic compression, p=4400 kPa) and Phase 2 (unloading, p=200 kPa) for different 

values of R, with B=5 and =2. 

Considering the equation of Hi (repeated in equation  5-8) and given that the same 

values of B, , * and * are used, partial results are plotted to explain the influence of 

R on the model response. 

 𝐻𝑖 = ‖
𝜕𝑓𝑏
𝜕𝝈
‖
−2 𝐵𝑝𝑐

3

(∗ − ∗)𝑅
(
𝑏

𝑏𝑚𝑎𝑥
)



 
5-8 

The ratio b/bmax decays as shown in Figure 5-104. For every value of R, the normalised 

distance is elevated to the power of 2, meaning that the decay is even faster than what 

represented in the figure. At the same mean pressure, the normalised distance is the 

lowest for R equal to 0.1 and, towards the end of the unloading phase, the difference 

among the three cases is reduced. 

The initial value of pc is the same for any value of R, and it is equal to 2200 kPa, i.e. 

half of the current mean pressure at the beginning of Phase 2. This quantity, to the 

power of 3, divided by the corresponding R is a very big quantity, with an order of 

magnitude of 10
11

 for R=0.1 and 10
10

 for R=0.4 and 0.7. 
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Figure 5-104 - Effect of R on the normalised distance during Phase 2 (from 4400 kPa to 200 kPa) with B=5 and 

=2. 

Figure 5-105 plots the plastic interpolation modulus multiplied by the bubble surface 

gradient, i.e. the first term in equation 5-8. The results start from different mean 

pressures since the elastic domain is larger for larger R and, consequently, the plastic 

interpolation modulus activates at lower mean pressures for bigger bubble sizes. 

Although the plotted quantity starts from a much higher value when R is 0.1, at the 

same (lower) mean pressure the values for the three cases are comparable, and in the 

order of 10
12

 (larger than what discussed above since the plotted quantity contains now 

also the effects of the other terms of the equation). 

Figure 5-106 shows the evolution of the bubble surface gradient, that is described by 

equation 5-9 in the (q, p) plane for simplicity:  

 ‖
𝜕𝑓𝑏
𝜕𝝈
‖
2

= (𝑝 − 𝑝�̅�)
2 +

(𝑞 − 𝑞�̅�)
2

𝑀2
 

5-9 

The larger the bubble size, the larger the distance between the current stress and the 

centre of the bubble, meaning that the gradient is highest when R is 0.7. 
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Therefore, the plastic interpolation modulus becomes smaller for larger R, as shown in 

Figure 5-107. The biggest difference is between R equal to 0.1 and the other two cases, 

that have comparable order of magnitude as shown in Figure 5-108 .  

 

Figure 5-105 – Plastic interpolation modulus multiplied by the norm of the bubble surface gradient, showing the 

effect of R during isotropic unloading from 4400 kPa to 200 kPa, with B=5 and =2. 
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Figure 5-106 – Norm of the bubble surface gradient, showing the effect of R during Phase 2, with B=5 and =2. 

 

Figure 5-107 - Plastic interpolation modulus showing the effect of R during Phase 2, with B=5 and =2. 
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Figure 5-108 - Plastic interpolation modulus for R equal to 0.4 and 0.7, during Phase 2, with B=5 and =2. 

The consequence of this can be observed in the development of negative (represented 

as positive) plastic volumetric strains (Figure 5-109) which also affect the reduction of 

pc (Figure 5-110). 

 

Figure 5-109 - Plastic volumetric strains for different R values, during Phase 2, with B=5 and =2. 
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Figure 5-110 - Ratio of pc over its initial value, for different R values, during Phase 2, with B=5 and =2. 

At the end of the unloading phase, only 0.045% of volumetric plastic strains have 

developed in the case of R=0.1, bringing to a reduction of pc with respect to its initial 

value, of less than 1%. 

In the case of R equal to 0.4 and 0.7, the final plastic volumetric strain is 1.15% and 

1.45%, respectively. Therefore, it corresponds a reduction of pc to 84% of its initial 

value for R =0.4, and 81% for R =0.7. 

The model surfaces at the beginning and at the end of the unloading phase are shown 

in Figure 5-111 for R equal to 0.1, Figure 5-112 for R equal to 0.4 and Figure 5-113 for 

R equal to 0.7. As a consequence, the starting condition of a subsequent Phase 3 is 

quite different in each case and leads to a large discrepancy in the results. 
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Figure 5-111 - Representation of the model surfaces at the beginning and end of Phase 2 in the case of R=0.1, 

with B=5 and =2. 

 

Figure 5-112 - Representation of the model surfaces at the beginning and end of Phase 2 in the case of R=0.4, 

with B=5 and =2. 
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Figure 5-113 - Representation of the model surfaces at the beginning and end of Phase 2 in the case of R=0.7, 

with B=5 and =2. 

5.4.1.3.3 Phase 3 – Drained shear at a confining pressure of 200 kPa – B=5 

Figure 5-114 shows the stress-strain results of Phase 3 consisting of drained triaxial 

shearing. All cases are characterised by peak behaviour but the largest deviatoric stress 

is reached when R is 0.1. The volumetric response shows contractant behaviour 

followed by dilation (Figure 5-115). 

These results show that the stiffer and stronger behaviour predicted when R is 0.1, 

depends on the values of B equal to 5 and  equal to 2, while the same B and  values 

are associated to a much more deformable and weak response when larger sizes of 

the bubble are considered. To obtain a stiffer and stronger response when R is larger 

than 0.1, higher values of B (and/or lower values of ) are needed. 
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Figure 5-114 - Results of Phase 3 of the ISO-OCR22-TXD test in terms of stress-strain behaviour, varying R and 

with B=5 and =2. 

 

Figure 5-115 - Results of Phase 3 of the ISO-OCR22-TXD test in terms of strains, varying R and with B=5 and 

=2. 
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5.4.1.3.4 Phase 2 – Unloading from 4400 kPa to 200 kPa – B=0.1 

At the same time, low values of B, as in the case of B=0.1, which correspond to a 

more deformable response as shown in paragraph 5.4.1.2 (Figure 5-54, Figure 5-55 

and Figure 5-56) lead to extremely high and unrealistic plastic strains, confirming the 

impossibility to define a universal range of values for B and . 

The results obtained during the same unloading phase for the same three values of R, 

setting B equal to 0.1 (and  still equal to 2) are shown in Figure 5-116. 

 

Figure 5-116 - Phase 1 (isotropic compression, p=4400 kPa) and Phase 2 (unloading, p=200 kPa) for different 

values of R, with B=0.1 and =2. 

When R is 0.1, the lower value of B compared to the previous case, means a realistically 

higher value of final void ratio. On the contrary, the variation in void ratio due to elasto-

plastic strains is unrealistically large for R equal to 0.4 and 0.7, with a larger variation 

in the former case. 

This may be explained considering the final plastic volumetric strains that are around 

2% for R equal to 0.1, and well above 10% for the other two cases (Figure 5-117). This 

means that, although the variation of the model surfaces starts earlier when the bubble 

is small, it is a slow process in this case and, at the end of Phase 2, pc is about 75% 
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of its initial value. On the contrary, for the other two larger bubble sizes, pc decreases 

by 85% to 90% of its initial value, for R equal to 0.7 and 0.4, respectively (Figure 5-118). 

A representation of the model surfaces is shown in Figure 5-119 for R equal to 0.1, 

Figure 5-120 for R equal to 0.4 and Figure 5-121 for R equal to 0.7. 

 

Figure 5-117 - Plastic volumetric strains for different R values, during Phase 2, with B=0.1 and =2. 

 

Figure 5-118 - Ratio of pc over its initial value, for different R values, during Phase 2, with B=0.1 and =2. 
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Figure 5-119 - Representation of the model surfaces at the beginning and end of Phase 2 in the case of R=0.1, 

with B=0.1 and =2. 

 

Figure 5-120 - Representation of the model surfaces at the beginning and end of Phase 2 in the case of R=0.4, 

with B=0.1 and =2. 
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Figure 5-121 - Representation of the model surfaces at the beginning and end of Phase 2 in the case of R=0.7, 

with B=0.1 and =2. 

5.4.1.3.5 Phase 3 – Drained shear at a confining pressure of 200 kPa – B=0.1 

A shear phase following the unloading would lead to totally different results in each 

case, since the model configuration is completely different, as shown in Figure 5-122 

and Figure 5-123. 

The case of R equal to 0.1 is characterised by the highest peak deviatoric stress (about 

1500 kPa), followed by softening behaviour and dilation. This is expected considering 

that the starting point of Phase 3 is on the dry side of critical state of both the bubble 

and the reference surface. 

Instead, when R is 0.4, the current stress moves towards the wet side of critical state 

of the reference surface and exhibits strain hardening but also a much lower deviatoric 

stress (of about 300 kPa at the deviatoric strain of 10%). 

Similarly, the case of R equal to 0.7 shows an initially stiff response until peak, after 

which a mild softening response can be observed. The peak deviatoric stress is around 

300 kPa. 
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Figure 5-122 - Results of Phase 3 of the ISO-OCR22-TXD test in terms of stress-strain behaviour, varying R and 

with B=0.1 and =2. 

 

Figure 5-123 - Results of Phase 3 of the ISO-OCR22-TXD test in terms of strains, varying R and with B=0.1 and 

=2. 
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5.4.1.3.6 Phase 2 – Unloading from 4400 kPa to 3200 kPa 

The effect of the bubble size can be analysed also in the case of a Phase 2 consisting 

of an unloading phase up to 3200 kPa, i.e. outside the elastic domain only in the case 

of R equal to 0.1. 

In all three cases, the model surfaces remain of the same size as the beginning of Phase 

2, since the unloading is elastic for R equal to 0.4 and 0.7 and it has a very short elasto-

plastic portion in the other case, being anyway too short to develop significant plastic 

volumetric strains. 

5.4.1.3.7 Phase 3 – Drained shear at a confining pressure of 3200 kPa – B=5 

At the beginning of Phase 3, consisting for example of a drained or undrained triaxial 

phase, when R is 0.1, the model response is elasto-plastic from the beginning and 

more or less stiff based on the selected value of B and . When R is 0.4 or 0.7, a quite 

large initial portion of the shear phase is characterised by a purely elastic response. 

In Figure 5-124 and Figure 5-125 the results of a triaxial drained phase with B equal to 

5 and  equal to 2 are shown. The yellow markers indicate the end of the elastic portion 

of the shear phase, characterising the R=0.4 and R=0.7 cases with a very stiff initial 

response. After that, the behaviour is elasto-plastic and leads to very similar deviatoric 

stresses during the whole shear phase, performed up to a deviatoric strain of 15%. 

Similarly, the volumetric strains reach about 5% at the end of the test for any value of 

R considered. The reason may be explained considering the evolution of the plastic 

volumetric and deviatoric strains, as in Figure 5-126. In fact, the plastic deviatoric 

strains are the same in all cases, while there is only a small difference in the plastic 

volumetric strains which determines a small difference in the evolution of pc (Figure 

5-127), such that it increases in size more for the case of the smallest bubble, than the 

other two. This leads to a slightly larger deviatoric stress, given the same deviatoric 

strain (Figure 5-124). 
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Figure 5-124 - Results of Phase 3 of the ISO-OCR1.2-TXD test in terms of stress-strain behaviour varying R and 

with B=5 and =2. 

 

Figure 5-125 - Results of Phase 3 of the ISO-OCR1.2-TXD test in terms of strains, varying R and with B=5 and 

=2. 
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Figure 5-126 - Development of plastic strains during Phase 3 of the ISO-OCR1.2-TXD test, varying R and with B=5 

and =2. 

 

Figure 5-127 - Evolution of pc with respect to its initial value during Phase 3 of the ISO-OCR1.2-TXD test, varying R 

and with B=5 and =2. 
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5.4.1.3.8 Phase 3 – Drained shear at a confining pressure of 3200 kPa – 

B=0.1 

When the elasto-plastic response is less stiff due to a lower value of B, as for example 

0.1, the effects on the model response are quite different for each of the three 

considered values of R. 

For the case of the smallest bubble, the response during the shear phase is elasto-

plastic from the beginning and characterised by a lower stiffness compared to R=0.4 

and 0.7, since in the last two cases, the response is initially elastic and stiff due to the 

low value of * (Figure 5-128). However, when R is 0.1, the elasto-plastic response is 

more rigid and characterised by larger deviatoric stresses and volumetric strains (Figure 

5-129), during the entire shear phase. Also in this case, the reason may be attributed 

to the larger amount of plastic volumetric strains developed when R is 0.1 (Figure 

5-130), causing an increase in the surfaces size of about two times its initial value 

(Figure 5-131). 

 

Figure 5-128 - Results of Phase 3 of the ISO-OCR1.2-TXD test in terms of stress-strain behaviour varying R and 

with B=0.1 and =2. 
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Figure 5-129 - Results of Phase 3 of the ISO-OCR1.2-TXD test in terms of strains, varying R and with B=0.1 and 

=2. 

 

Figure 5-130 - Development of plastic strains during Phase 3 of the ISO-OCR1.2-TXD test, varying R and with B=0.1 

and =2. 
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Figure 5-131 - Evolution of pc with respect to its initial value during Phase 3 of the ISO-OCR1.2-TXD test, varying R 

and with B=0.1 and =2. 

It may be observed that it is not possible to derive a general trend in the model response, 

e.g. higher deviatoric stresses with increasing R sizes. In fact, given the same deviatoric 

strain, larger deviatoric stresses characterise the model response in the case of R equal 

to 0.7 compared to 0.4. 

The reason for this may be explained considering the position of the conjugate point at 

the beginning of the elasto-plastic phase as shown in Figure 5-132 for R=0.4 and 

Figure 5-133 for R=0.7. 

In the first case, the current stress is located almost at the centre of the bubble and 

consequently, the vector of the plastic strains has a larger deviatoric component 

compared to the volumetric one, because of the associated flow rule. On the contrary, 

when R is 0.7, the conjugate point is on the right side of the reference surface and is 

characterised by a bigger volumetric strain component. 

The magnitude of the strains depends on the interpolation plastic modulus that, given 

the larger distance between  and c when R is 0.4, is larger in this case, meaning 

smaller strains. 
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Figure 5-132 - Indication of the current stress and of the corresponding conjugate point at the beginning of the 

elasto-plastic step of Phase 3 of the ISO-OCR1.2-TXD test, in the case of R=0.4, with B=5 and =2 

 

Figure 5-133 - Indication of the current stress and of the corresponding conjugate point at the beginning of the 

elasto-plastic step of Phase 3 of the ISO-OCR1.2-TXD test, in the case of R=0.7, with B=5 and =2. 
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Although this parametric study is not exhaustive, it highlights the importance of 

correctly determining the size of the elastic domain through the parameter R, which 

differs for different materials. 

It may be concluded that the relative size of the bubble with respect to the reference 

surface plays an important role in the calibration of the interpolation parameters B and 

, for which it is not possible to define an absolute range of values valid for all materials. 

Only after having determined R, via experimental tests when possible or otherwise 

based on evidence reported in the literature for the material under study, the calibration 

of the interpolation parameters can take place based on a sensitivity study as described 

in the previous sections. 

5.4.2 k, A and 0: three-surfaces model 

In the last part of this study, the material is characterised by a factor of structure r larger 

than 1, such that the structure surface does not coincide with the reference surface 

anymore. Plastic strains develop when the current stress lies on the bubble surface, in 

a measure that depends on the plastic modulus given by both the interpolation modulus 

and the plastic modulus determined by the consistency condition. 

When the bubble is not in contact with the structure surface, the interpolation modulus 

is not zero and it evolves based on several model parameters, including B and . The 

effects of B and  have been discussed in the previous paragraph with reference to the 

two-surfaces model but they are the same when three surfaces are considered. 

When three surfaces are considered, during the entire elasto-plastic phase, i.e. even 

when the current stress coincides with the conjugate point and, therefore, Hi is zero, 

the parameters k, A and 0 influence the model response. These parameters cannot 

be easily linked to a specific material characteristic, as explained in the case of B and 

, since they describe a specific law of the constitutive model. 

Most of the model parameters remain the same as in the two-surfaces case, except for 

pc, that should take into consideration the mean pressure describing the intrinsic INCL 

at the in-situ void ratio, as shown in Figure 5-134. 
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The initial value of the factor of structure r0 can be calibrated based on appropriate 

laboratory test results on the intact and corresponding reconstituted material, as it will 

be discussed in Chapter 9. 

 

Figure 5-134 – Representation of an isotropic compression test result on an intact soil/rock and the corresponding 

intrinsic INCL. 

A summary of the model parameters considered in the sensitivity analysis of the three-

surfaces situation is presented in Table 5-7. 

Parameter Value Parameter Value 

*
 0.072 M 1.388 

*
 0.0025 R 0.1 

’ 0.12 pc (kPa) 2200 

B 1 r0  3 

 1   

Table 5-7 - Parameters values for the three-surfaces case. 

The quantity 0 has been introduced to model a certain anisotropy of the intact material, 

by offsetting the structure surface with respect to the isotropic axis. This quantity does 

not change during an analysis, but the structure surface can move due to 

destructuration, and it tends to centre on the isotropic axis. In fact, considering equation 
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4-16 and assuming that r reduces due to plastic strains, the structure surface may 

evolve as in Figure 5-135, for an idealised case. 

𝑓𝑠 =
3

2𝑀𝜃
2
(𝒔 − (𝑟 − 1)𝜼𝟎𝑝𝑐): (𝒔 − (𝑟 − 1)𝜼𝟎𝑝𝑐) + (𝑝 − 𝑟𝑝𝑐)

2

− (𝑟𝑝𝑐)
2 = 0 

5-10 

It can be observed the change in position of the centre of the structure surface, �̂�, due 

to a reduction of r, but keeping 0 and pc constant. 

 

Figure 5-135 – Structure surface representation in the (q, p) plane, considering 0 equal to 0.5 and the evolution of 

r from an initially larger r0 to a reduced rfinal. 

At first, the case of 0 equal to zero is considered and the structure surface is centred 

on the isotropic axis. 

As for A and k, they both influence the structure degradation through the destructuration 

law, described by the following equations: 

 
�̇� = −

𝑘

∗ − ∗
(𝑟 − 1)휀�̇� 5-11 

 휀�̇� = √(1 − 𝐴)(휀�̇�
𝑝)
2
+ 𝐴(휀�̇�

𝑝)
2
 

5-12 

The parameter A can assume any value between 0 and 1, indicating the relative 

contribution of the plastic volumetric and the plastic deviatoric strain to the total 
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destructuration strain. The parameter k is often described as a velocity of 

destructuration, although it does not represent a real velocity in terms of variation of 

distance over time, but it is dimensionless. It has the function of amplifying (k >1) or 

de-amplifying (0<k<1) the effect of the damage strain increment 휀�̇� on the resulting 

negative increment of the factor of structure r, which can only monotonically decrease. 

When k is 1, its effect could be considered neutral with respect to 휀�̇�. Therefore, it is 

referred to as a velocity since its value is responsible for a more or less “fast” 

degradation of structure. To isolate the contribution of A and k to the model response, 

tests are performed considering the current stress state lying on both the bubble and 

the structure surface, such that the interpolation modulus is equal to zero and there is 

no influence of B and . 

The initial model surfaces configuration is described in Figure 5-136, with the centre of 

the structure surface at 𝑝�̌� equal to 6600 kPa, given r0 equal to 3. Therefore, the current 

stress state lies on the isotropic axis, at a mean pressure of 13200 kPa and an initial 

void ratio of 0.4915. Considering that pc has been chosen at 2200 kPa and R is equal 

to 0.1, Rpc is equal to 220 kPa. 

 

Figure 5-136 – Initial configuration of model surfaces for the parametric study of A and k. 
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The objective of this section is to systematically evaluate the influence of A and k on 

the model response, in a similar way as it has been done for the interpolation 

parameters B and  in the 5.4.1 subparagraph. 

The test simulation program, although not exhaustive, is summarised in Table 5-8. Each 

test may consist of one or multiple phases. 

Name Phase 1 

ISO-HP Isotropic compression up to p=20000 kPa 

TXD Triaxial drained compression up to a=10% 

TXU Triaxial undrained compression up to a=10% 

OED One-dimensional loading up to v=40000 kPa 

Table 5-8 – Testing program for the three-surfaces case with the current stress lying on the structure surface. 

5.4.2.1 Parametric variation of k 

5.4.2.1.1 Isotropic compression test 

The first case to be analysed consists of an isotropic compression as described in 

Table 5-8, with the initial stress state lying on both bubble and structure surface and 

considering three different velocities of destructuration k, i.e. 0.5, 1 and 1.5. 

Being an isotropic compression test, only volumetric strains develop. Parameter A has 

been set equal to 0.5, meaning that:  

 

휀�̇� = √0.5(휀�̇�
𝑝)
2
 

5-13 

The results are shown in the (e, p) plane (Figure 5-137). Because of relevant numerical 

instabilities despite the large number of steps and small increments specified for the 

test simulations, the results reach different mean pressures (only 13500 kPa for 

k=1.5) for different values of k, but the general trend can be clearly understood. 

In fact, an increase in the velocity of destructuration means a more rapid decrease of 

the void ratio. Considering that the initial condition corresponds to gross yield, the 

results refer to the post-gross yield behaviour. In Figure 5-138, the results are shown 

in the bi-logarithmic plane (ln v, ln p), together with the inclination of the INCL of the 

reconstituted material. Although the position of the INCL
*

 in the plane is arbitrary, its 

inclination shows that the simulation of the behaviour of the structured (i.e. natural) 



 

310 

 

material is characterised by a larger compression index post-gross yield. The value of 

* used in the simulation is the same as the reconstituted material (i.e. 0.072) and 

coincides with the inclination of the INCL* in the bi-logarithmic plane. The increase in 

the compression slope post-gross yield is a result of the destructuration process, 

confirming the correctness of the determination of * based on the slope describing 

compression behaviour of the reconstituted material. 

 

Figure 5-137 - Isotropic compression results for varying velocities of destructuration, given A=0.5 and starting from 

a point on the structure surface. 

Considering equation 5-11, increasing the velocity k causes a faster reduction of the 

factor of structure r (Figure 5-139). For the largest value of k considered (i.e. 1.5), at 

13500 kPa, i.e. with an increase of only 300 kPa from the initial mean pressure, r 

decreases already by 6% compared to its initial value. The same decrease is obtained 

for mean pressures of 14 MPa and 16.5 MPa in the case of k equal to 1 and 0.5, 

respectively. 

The maximum mean pressure reached in the case of k=1 is 16.5 MPa and it is 

characterised by a further reduction of r to 83% of its initial value. 
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During this phase, plastic volumetric strains develop contributing not only to 

destructuration but also to positive volumetric hardening: the size of all model surfaces 

increase but the distance between the structure and the reference surface decreases. 

The evolution of pc is shown in Figure 5-140. Figure 5-141 shows the model surfaces 

at the beginning and at the end of the test performed with k=1 and A=0.5. 

 

Figure 5-138 – Representation of the isotropic compression results in the bi-logarithmic plane, for varying k, given 

A=0.5 and starting from a point on the structure surface, compared with the slope of the intrinsic INCL. 
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Figure 5-139 – Evolution of the factor of structure r for varying velocities of destructuration, given A=0.5 and 

starting from a point on the structure surface. 

 

Figure 5-140 - Evolution of the pc for varying velocities of destructuration, given A=0.5 and starting from a point 

on the structure surface. 
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Figure 5-141 – Representation of the model surfaces at the beginning and at the end of the isotropic compression 

test with k=1 and A=0.5. 

While the structure surface reduces faster for larger k values, the increase of pc is larger 

when k is high. In fact, at the same mean pressure, more plastic volumetric strains 

develop for larger k (Figure 5-142). 
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Figure 5-142 - Evolution of plastic volumetric strains for varying velocities of destructuration, given A=0.5 and 

starting from a point on the structure surface. 

The reason may be found in the lower value of the plastic modulus H, consisting now 

only of the term Hc, derived from the consistency condition, while Hi is equal to zero 

since the distance between the current stress and its conjugate point is zero. 

Showing the calculation of Hc in equation 4-30, simplified for the isotropic compression 

case considered, a lower value of k means a larger value of T (equation 5-15) and, 

consequently of Hc. Therefore, the starting value of Hc is much higher when k is 0.5 

compared to k=1, which is higher than the case with k=1.5 (Figure 5-143). 

𝐻𝑐 =
𝑟𝑝𝑐𝑇[(𝑝 − 𝑝�̅�) + 𝑅𝑝𝑐]

(∗ − ∗)(𝑝 − 𝑝𝛼)2
 

5-14 

The quantity T is given by the following equation: 

𝑇 = (𝑝 − 𝑝�̅�) − 𝑘 (
𝑟 − 1

𝑟
)√[(1 − 𝐴)] 5-15 
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Figure 5-143 - Evolution of plastic modulus Hc for varying velocities of destructuration, given A=0.5 and starting 

from a point on the structure surface. 

5.4.2.1.2 Drained triaxial test 

A triaxial drained test has been performed considering once again A equal to 0.5 and 

evaluating the effect of different velocities of destructuration. 

Numerical problems have made it impossible to run triaxial tests starting from a point 

lying on the structure surface, even when trying to reach it after an isotropic 

compression phase from 𝑝�̅� to 2rpc. For this reason, the triaxial tests have been 

performed considering similar conditions as in Figure 5-136, but with the current stress 

state in the centre of the bubble. 

The results are shown in terms of stress-strain behaviour in Figure 5-144, and in terms 

of strains in Figure 5-145. 

As expected, a larger velocity of destructuration means a faster reduction of the factor 

of structure r (Figure 5-146), such that a lower deviatoric stress is reached at the end 

of the analysis. All model surfaces increase in size due to positive volumetric hardening 

(being on the wet side of critical state) (Figure 5-147), as explained in the previous 
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case, but the distance between structure and reference surfaces decrease for 

increasing k. 

 

Figure 5-144 - Results of TXD test in terms of stress-strain behaviour, varying k and with A=0.5. 

 

Figure 5-145 - Results of TXD test in terms of strains, varying k and with A=0.5. 
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Figure 5-146 - Ratio of r over its initial value, for different k values, during TXD, with A=0.5. 

 

Figure 5-147 - Ratio of pc over its initial value, for different k values, during TXD, with A=0.5. 

The cases with k=1 and k=1.5 reach similar deviatoric stresses. The reason may be 

in the larger increase of pc and smaller decrease of r for k equal to 1 with respect to k 
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equal to 1.5, such that, the resulting quantity rpc, defining the size of the structure 

surface, is very similar in both cases (Figure 5-148). 

The final structure surface has doubled its size for the smallest value of k considered, 

while it is roughly 1.8 times its initial size for the other two values of k. 

 

Figure 5-148 - Ratio of rpc over its initial value, for different k values, during TXD, with A=0.5. 

 

As explained in the previous case, more plastic strains are generated when k is larger, 

due to the modulus Hc, having both the effect of increasing pc and reducing r. Figure 

5-149 shows the plastic volumetric and deviatoric strains for each case, considering 

that the latter are coincident for both cases and that, therefore, the main differences in 

the model response can be attributed to the former.  
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Figure 5-149 - Plastic volumetric and deviatoric strains for different k values, during TXD, with A=0.5. 

5.4.2.1.3 Undrained triaxial test 

Using the same starting condition as for the triaxial drained test explained above, three 

triaxial undrained tests have been performed, setting A equal to 0.5 and the three 

different velocities of destructuration 0.5, 1 and 1.5. 

The results show a similar trend as for the drained tests (Figure 5-150), although in this 

case excess pore pressures (Figure 5-151) are generated instead of volumetric strains 

and, considering the lack of those, the reference and bubble surfaces do not change 

their size while the structure surface shrinks due to destructuration, i.e. a reduction of 

r (Figure 5-152). 

The tests have been stopped when the axial strain of 10% has been reached but it 

seems that the critical state condition had not been reached yet in any of the cases, 

although the end point seems very close to it. At the end of the test, the destructuration 

process has reduced r of 30% of its initial value in the case k=0.5, while this value 

increases to 48% and 57% when k is 1 and 1.5, respectively. 
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Figure 5-150 - Results of TXU test in terms of stress-strain behaviour, varying k and with A=0.5. 

 

Figure 5-151 – Excess pore pressures development during TXU test, varying k and with A=0.5. 
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Figure 5-152 - Ratio of r over its initial value, for different k values, during TXU, with A=0.5 

5.4.2.1.4 One-dimensional compression test 

Finally, an oedometer test has been performed. In this case, large mean pressures 

(about 30 MPa) have been reached, contrary to what was observed in the simulation 

of the isotropic compression tests. 

The results are shown in the (e, log v) plane in Figure 5-153. Similar to the isotropic 

compression results, a larger value of k leads to a more rapid variation of the void ratio 

such that, at the end of the test at a vertical effective stress of 40 MPa, the final void 

ratio is 0.36 for k=0.5, 0.32 for k=1 and 0.30 for k=1.5. 

Being on the wet side of critical state, the model experiences not only destructuration 

but also positive volumetric hardening. The evolution of pc and r with respect to their 

initial value is shown in Figure 5-154 and  Figure 5-155, respectively. 

It is interesting to also plot the variation of the structure surface size (rpc) with respect 

to the initial value (Figure 5-156). The structure surface changes in the same way for k 

equal to 1 and 1.5, except for an initial larger increase when k is 1. This difference may 

explain the more rapid decrease of void ratio in Figure 5-153 for k=1.5, while 

afterwards it starts curving upwards, getting closer to the result of k equal to 1. 
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Figure 5-153 – One-dimensional compression results for varying velocities of destructuration, given A=0.5. 

 

Figure 5-154 - Ratio of pc over its initial value, for different k values, during OED, with A=0.5. 
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Figure 5-155 - Ratio of r over its initial value, for different k values, during OED, with A=0.5. 

 

Figure 5-156 - Ratio of rpc over its initial value, for different k values, during OED, with A=0.5. 
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5.4.2.2 Parametric variation of A 

As explained in paragraph 4.3, for A = 0, the damage strain depends entirely on 휀�̇�
𝑝

, 

while for A = 1, the damage strain depends entirely on  휀�̇�
𝑝

. Intermediate values allow 

to consider both volumetric and deviatoric strain contribution to the destructuration 

process. 

In tests like the isotropic compression or the triaxial undrained tests, plastic strains 

consist of one component only, i.e. volumetric in the first case and deviatoric in the 

second one. The value of A represents the choice of considering different portions of 

that strain as contributing to the destructuration process. 

5.4.2.2.1 Isotropic compression test 

In the case of an isotropic compression test, having set k equal to 1, the cases of A 

equal to 0 and 1 are compared with the previously calculated case of A=0.5 (Figure 

5-157). 

 

Figure 5-157 - Isotropic compression results for varying A, with k=1. 

Given equation 5-12, when A is 0, 휀�̇� = 휀�̇� and the destructuration process is the 

fastest, leading to larger compressibility at the same mean pressure. When A is 1, there 

is no damage strain, since it is coincident with the plastic deviatoric strain, equal to 

zero during isotropic compression. Therefore, given the same mean pressure, the void 
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ratio is higher than the other two cases and r does not change during the test (Figure 

5-158). 

 

Figure 5-158  - Evolution of r with respect to its initial value, during ISO, for varying A and with k=1. 

As shown in equation 4-30 and 5-15, the plastic modulus changes due to different values 

of A, such that at A equal to 1, its value is very high and consequently plastic volumetric 

strains are low, meaning also a slower increase of the size pc (Figure 5-159). 
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Figure 5-159 - Evolution of pc with respect to its initial value, during ISO, for varying A and with k=1. 

5.4.2.2.2 Undrained triaxial test 

The effect of A is opposite when performing a triaxial undrained test. In this case, the 

damage strain may consist of portions of plastic deviatoric strains, such that, when A 

is 0 (and the damage strains coincide with the null volumetric strain), there is no 

variation of r (Figure 5-160). 

No plastic volumetric strains are generated, meaning that there is no volumetric 

hardening and the stress path for the case of A equal to zero follows a Roscoe’s surface 

until the critical state line is reached (Figure 5-161). In the other two cases, the plastic 

deviatoric strains induce destructuration (i.e. a reduction of r) and, consequently, the 

stress path tends to the critical state line but at the same time curves downwards due 

to the reduction of the structure surface. 

When A is zero, the material does not exhibit peak behaviour, while in the other two 

cases, after reaching the peak deviatoric stress, softening occurs (Figure 5-162). The 

peak deviatoric stress is very similar in all three cases, meaning that only the post-peak 

behaviour is affected by the chosen value of A. Consequently, also the excess pore 

pressures remain constant after reaching a peak value of 9400 kPa when A is zero, 

while it continues increasing in the other two cases. 
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Figure 5-160 - Evolution of r with respect to its initial value, during TXU, for varying A and with k=1. 

 

Figure 5-161 - Stress paths of TXU tests for varying A and with k=1. 
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Figure 5-162 - Stress-strain behaviour during TXU tests for varying A and with k=1. 

 

Figure 5-163 - Evolution of excess pore pressures during TXU tests for varying A and with k=1. 

5.4.2.2.3 Drained triaxial test 

The situation is different when a drained triaxial test is performed. In this case, both 

plastic volumetric and plastic deviatoric strains are developed and the choice of A equal 
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to 0 or 1 completely excludes one of the two strains. In Figure 5-164, volumetric strains 

are larger than deviatoric strains. When subtracting the elastic part of each component 

(Figure 5-165), the plastic volumetric strains are still larger than the plastic deviatoric 

strains and that they increase more and more when A is 0, i.e. when the damage strain 

depends entirely on 휀𝑣
𝑝

. 

The effect of the plastic volumetric strains is to increase the size of the model surfaces 

through pc (Figure 5-166) but also to reduce r (Figure 5-167). The first one is initially 

faster when A is 0 but it remains parallel to the other two cases of A equal to 0.5 and 

1, where less plastic volumetric strains are generated. The factor of structure reduces 

almost linearly with the deviatoric strain when A is 1, while for A=0, after a rapid 

decrease, it seems to slowly converge to a constant value. As a result, the variation of 

the size of the structure surface, rpc, with respect to its initial value shows that there is 

a point where the three analysed cases cross and the initially smaller surface for A=0 

becomes bigger than the others at larger strains (Figure 5-168). This is also reflected 

in the stress-strain response, as in Figure 5-169. 

 

Figure 5-164 – Volumetric and deviatoric strain development during TXD tests for varying A and with k=1. 
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Figure 5-165 - Plastic volumetric and deviatoric strains for different A values, during TXD, with k=1. 

 

Figure 5-166 - Evolution of pc with respect to its initial value, during TXD, for varying A and with k=1. 
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Figure 5-167 - Evolution of r with respect to its initial value, during TXD, for varying A and with k=1. 

 

Figure 5-168 - Evolution of rpc with respect to its initial value, during TXD, for varying A and with k=1. 
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Figure 5-169 - Stress-strain behaviour during TXD tests for varying A and with k=1. 

5.4.2.2.4 One-dimensional compression test 

Finally, the effects on one-dimensional compression tests are evaluated in the (e, log 

v) plane (Figure 5-170). 

 

Figure 5-170 - One-dimensional compression results for varying A, given k=1. 
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In this case, the impact of extreme values of A on the model response is very limited 

despite the large vertical effective stress reached. 

The reason may be due to the high values of both volumetric and deviatoric strains and, 

also, to the very similar magnitude of each type for any value of A. This means that the 

isotropic hardening, depending on plastic volumetric strains, causes a very similar 

change of pc in all cases (Figure 5-172). 

As for the destructuration process, when A is zero, the damage strain coincides with 

the plastic volumetric strain that, at the end of the test, has reached about 12%. When 

A is 1, the damage strain coincides with the plastic deviatoric strain that is about 7% at 

the end of the test. Therefore, it is expected that the destructuration is slower when A 

is 1 and it is confirmed by Figure 5-173. 

These small differences in r and pc may explain why the results in Figure 5-170 are so 

close to each other for any value of A.  

 

 

Figure 5-171 - Plastic volumetric and deviatoric strains for different A values, during OED, with k=1. 
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Figure 5-172 - Ratio of pc over its initial value, for different A values, during OED, with k=1. 

 

Figure 5-173 - Ratio of r over its initial value, for different A values, during OED, with k=1. 

The observations regarding the effect of A are less easy to generalise in the case of a 

one-dimensional compression or a triaxial drained test since both types of strains are 
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present. Their magnitude, together with A, affects the result. In fact, when plastic 

deviatoric and volumetric strains are very similar (if not the same), considering equation 

5-12, any value of A leads to the same result. 

The choice of the value of A should be done considering which strain type affects the 

most the degradation of the material structure. At the same time, as it will be discussed 

in Chapter 9, when the volumetric strain is dominating the destructuration, a low value 

of A may give more weight to it, but, if its magnitude is very small, the resulting damage 

strain may be mostly due to the plastic deviatoric strain contribution anyway. 

5.4.2.3 Parametric variation of 0 

The structure surface may be characterised by a certain offset with respect to the 

isotropic axis, based on the matrix describing 0. As described in paragraph 4.2, the 

input value consists of a scalar quantity indicated as 0, used to define the matrix 0 

as in equation 4-17. In this section, the effect of 0 is briefly discussed. 

It should be mentioned that when the centre of the structure surface has a deviatoric 

component, the bubble cannot pass from the origin of the axes since this would mean 

that it would intersect the structure surface, as shown in Figure 5-174. When using 0, 

the centre of the bubble surface must be carefully defined in the input to avoid 

intersections. 

The testing program for analysing the effects of 0 is similar to what is described in 

Table 5-8, but the starting condition is different. The model surfaces have the same 

initial size as described at the beginning of this paragraph (5.4.2) but the bubble surface 

is centred at 500 kPa, which also represents the initial stress condition. B,  and k 

have been set equal to 1 and A equal to 0.5. 

Two cases are considered for each test: either there is no offset (0=0) or 0 is 0.4. 

A representation of the model surfaces at the beginning of any test is shown in Figure 

5-175. Note that the only difference is the initial position of the structure surface, while 

reference and bubble surface remain the same. 
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Figure 5-174 – Representation of the bubble surface intersecting the structure surface. 

 

Figure 5-175 - Representation of the model surfaces at the beginning of the tests, for 0 equal to 0 and 0.4. 

5.4.2.3.1 Isotropic compression test 

An isotropic compression test has been performed in both cases, reaching a mean 

pressure of about 15 MPa, i.e. after gross yield. 

The results (Figure 5-176) show very little difference between the two cases, with a 

slightly lower gross yield value for the case of 0=0.4. 
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Figure 5-176 – Results of an isotropic compression test for different values of 0. 

The reason may be explained graphically, showing the model surfaces at the beginning 

of the elasto-plastic phase, i.e. when the current stress reaches the bubble surface at 

a mean pressure of 720 kPa, along the isotropic axis (Figure 5-177). 

The distance  between the current stress point (indicated with the red marker) and the 

corresponding conjugate point (indicated with the yellow marker in both cases) should 

be projected along the direction of the unit vector perpendicular to the structure surface 

in those points, i.e. the horizontal direction. This means that in both cases, the distance 

is the same and the ratio of the normalised distance is 1 (as discussed in the 

subparagraph 5.4.1.1). The distance reduces during the isotropic compression since 

the bubble approaches the structure surface, but it continues to be the same in both 

cases, because of the conjugate point and the associated flow rule. 

The very small difference in the point identified as gross yield is due to the fact that the 

bubble, moving along the p axis, reaches the structure surface earlier (i.e. at a lower 

mean pressure) when 0 is 0.4, as shown in Figure 5-178 and in its magnified version, 

Figure 5-179. 
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Figure 5-177 - Representation of the model surfaces at the beginning of the elasto-plastic phase, for 0 equal to 0 

and 0.4. 

 

Figure 5-178 - Representation of the model surfaces at b=0, during ISO test, for 0 equal to 0 and 0.4. 
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Figure 5-179 – Magnification of the model surfaces at b=0, during ISO test, for 0 equal to 0 and 0.4. 

5.4.2.3.2 One-dimensional compression test 

The behaviour is similar in the case of a one-dimensional compression test, although 

the difference in gross yield is more evident compared to the case of an isotropic 

compression and equal to about 1000 kPa, as shown in Figure 5-180 and highlighted 

by the magnified version of the chart, in Figure 5-181. 
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Figure 5-180 - One-dimensional compression for 0 equal to 0 and 0.4. 

 

Figure 5-181 – Magnification of one-dimensional compression for 0 equal to 0 and 0.4. 

In Figure 5-182, the model surfaces configuration at gross yield, coinciding with the 

point of null distance b, are shown, allowing to better understand why the difference in 

gross yield is larger than the case illustrated in Figure 5-179 for the isotropic 

compression. Figure 5-183 also shows the stress path of the full one-dimensional 
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compression tests, together with the representation of the model surfaces at the instant 

of b=0. 

 

Figure 5-182 - Representation of the model surfaces at b=0, during OED test, for 0 equal to 0 and 0.4. 

 

Figure 5-183 - Representation of the model surfaces at b=0 together with OED test stress paths, for 0 equal to 0 

and 0.4. 
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5.4.2.3.3 Drained triaxial test 

The situation is completely different in the case of drained and undrained triaxial tests, 

since the main effect of 0 is to move upwards the bounding surface and, therefore, 

the gross yield points. Figure 5-184 shows that the point in which the bubble touches 

the structure surface is considerably higher in the case of 0 equal to 0.4, with respect 

to 0=0. This is reflected in the stress-strain behaviour in Figure 5-185, where it is 

reached a qpeak of 7512 kPa for no offset and of 9793 kPa for 0 equal to 0.4. 

 

Figure 5-184 - Representation of the model surfaces at b=0, during TXD test, for 0 equal to 0 and 0.4. 

The simulated response before reaching the peak deviatoric stress is overlapping in the 

two cases and shows that destructuration before reaching the condition of b=0 is 

minimal, and it accelerates right before the current stress converges towards its 

conjugate point. Although this occurs earlier, in terms of mean pressure and deviatoric 

strains, when 0 is 0 (Table 5-9), the reduction of r when b is 0 is the same in both 

cases and equal to roughly 1%. The post-peak behaviour is characterised by softening 

(as expected since it is on the dry side of critical state) with a distance between the two 

results that seems to reduce with increasing deviatoric strains but that are still quite 

different at a q of 10%. Consequently, the material exhibits an initial contraction 

followed by dilation, leading to larger volumetric strains when 0=0 (Figure 5-187a). 
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The flow rule (Figure 5-187b) shows that the effect of a larger value of 0 is to increase 

the stress ratio at zero plastic strain increment. 

If more destructuration occurred, the structure surface would tend to centre on the 

isotropic axis showing that the stress ratio can also be structure dependent. 

 

Figure 5-185 – Stress-strain behaviour during TXD test, for 0 equal to 0 and 0.4. 

 

Figure 5-186 - Ratio of r over its initial value, during TXD, for 0 equal to 0 and 0.4. 
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0 value qpeak (kPa) 𝜺𝒒,𝒒𝒑𝒆𝒂𝒌  (%) 𝒑𝒒𝒑𝒆𝒂𝒌(kPa) 𝜺𝒗,𝒒𝒑𝒆𝒂𝒌  (%) 

0=0 7512 0.57 3004 0.33 

0=0.4 9793 0.63 3764 0.42 

Table 5-9 - Stress and strain values at peak (coinciding with b=0), during TXD, for 0 equal to 0 and 0.4. 

 

Figure 5-187 – TXD test, for 0 equal to 0 and 0.4: a) volumetric and deviatoric strain behaviour; b) flow rule during. 

5.4.2.3.4 Undrained triaxial test 

When performing a TXU test starting from the same initial condition, the effect of 0 is 

the same but, in this case, the increase in peak deviatoric stress is less compared to 

the drained case, as shown in Table 5-10 and Figure 5-188. In fact, the point in which 

the bubble touches the structure surface is different compared to the drained case 

(Figure 5-189), and there is less distance between the two “b=0” points. 

 

0 value qpeak (kPa) 𝜺𝒒,𝒒𝒑𝒆𝒂𝒌  (%) 𝒑𝒒𝒑𝒆𝒂𝒌(kPa) 𝒑𝒘,𝒒𝒑𝒆𝒂𝒌  (kPa) 

0=0 7816 1.39 4852 -1746 

0=0.4 9287 1.59 4731 -1135 

Table 5-10 - Stress and strain values at peak (coinciding with b=0), during TXD, for 0 equal to 0 and 0.4. 
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Figure 5-188 - Stress-strain behaviour during TXU test, for 0 equal to 0 and 0.4. 

 

Figure 5-189 - Representation of the model surfaces at b=0, during TXU test, for 0 equal to 0 and 0.4. 

The excess pore pressures develop as shown in Figure 5-190, and, as for the deviatoric 

stress, they seem to converge to a unique value at large strain (much larger than 10%). 



 

346 

 

 

Figure 5-190 - Excess pore pressure development during TXU test, for 0 equal to 0 and 0.4. 

5.4.3 B, , k, A and 0: three-surfaces model 

In the previous section (5.4.2), the effect of the destructuration parameters k and A 

have been described while having “disabled” the influence of the interpolation 

parameters B and , by starting from a stress state that lies on the structure surface 

and, therefore, analysing the post gross yield response. 

The effect of introducing an offset to the structure surface through 0 could not be 

explained without setting the bubble at a certain distance from the structure surface, 

meaning that the behaviour observed for different values of 0 depends on the chosen 

values of B, , k and A. 

When modelling the behaviour of real intact soil or rock (as it will be shown in the next 

chapters), all these parameters act at the same time during the elasto-plastic phase 

prior to gross yield (mostly coincident with the condition of null distance between the 

current stress point and the conjugate point) and, therefore, their calibration should take 

this into account. 
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6 MICRO- AND MACRO-STRUCTURAL BEHAVIOUR OF A SOFT 

CALCAREOUS MUDSTONE 

In this chapter, the experimental investigations performed on a soft calcareous 

mudstone characterising the area of Abu Dhabi Island, are discussed. The material has 

been studied at the micro- and macro-scale by Simpson (2015) and the experimental 

results have been recently published by Simpson et al. (2021). 

The city of Abu Dhabi has experienced large expansions over the last few years, posing 

several challenges to the engineers. Soft rocks constitute a large part of the subsurface 

of this area and are well studied from the geological point of view, while an in-depth 

knowledge of their mechanical behaviour is less common (Cook, 1999; Epps, 2011). 

This has often led to overly conservative geotechnical design solutions. 

It was often observed a very high susceptibility to moisture, such that apparently strong 

bases of excavations were seen to soften shortly after stress release or a rainfall event 

(Cook, 1999). The unconfined compression strength has not been measured for the 

soft calcareous mudstone under investigation but dispersivity tests have shown how 

the material rapidly loses cohesion and degrades within minutes of submersion in 

unconfined conditions. 

The calcareous mudstone has mechanical and structural characteristics falling between 

those of a soil and those typical of a rock and, as such, requires a geotechnical testing 

approach that combines methods from both soil and rock mechanics disciplines 

(Simpson et al., 2021).  

After giving an overview about the geology of the area and some indications about the 

site location, the results of the experimental tests are discussed and compared with the 

ones of Corinth marl (Anagnostopoulos et al., 1991), chalk (Lord et al., 2002) and of 

the Maltese soft rocks (Mifsud, 2019) that will be described in detail in Chapter 8. 
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6.1 Geological overview 

The geology of the area around Abu Dhabi is highly variable in both the horizontal and 

vertical direction, due to the past and present dynamic sedimentary environment 

(Kassler, 1973). Since the end of Palaeozoic, the climate of this area has been 

characterised by cycles of glacio-eustatic triggered marine transgressions in and 

around the Arabian Gulf, followed by erosion and transportation (Walkden and Williams, 

1998). Consequently, large areas of evaporite and carbonate sediments have formed, 

including fossiliferous limestones and dolomites, siltstones, sandstones, inter-bedded 

gypsum, halite, and anhydrite, as well as the calcareous mudstone (Walkden and 

Williams, 1998; Evans et al., 1973) studied by Simpson (2015). 

The calcareous mudstones were likely deposited within a low energy but chemically 

dynamic hypersaline environment and are predominantly biogenic/chemical in origin, 

as opposed to purely detrital (Simpson et al., 2021; Simpson, 2015). They are 

characterised by weak cementitious bridges that may precipitate within the voids very 

rapidly, introducing a certain degree of structure that needs to be taken into 

consideration when characterising their behaviour (Aversa and Evangelista, 1998). 

Significant thicknesses of this material are noted across the area of study, often 

interbedded with gypsum (Simpson et al., 2021; Simpson, 2015). 

6.2 Site location and testing program 

Samples were taken from two site investigations in Abu Dhabi and tested using X-ray 

Powder Diffraction (XRPD), Scanning Electron Microscopy (SEM), along with standard 

soil and rock characterisation tests to gain insight into the mineralogy of the rocks and 

their cementing agents and to assess their physical properties. The mechanical 

behaviour of the calcareous mudstone has been investigated by conducting advanced 

triaxial tests on specimens of natural material. The two sites (indicated as Site 1 and 

Site 2) have similar geological characteristics (Figure 6-1), but the undisturbed samples 

for triaxial tests were taken from different boreholes at several kilometres of distance 

from each other. This may be taken into consideration in the interpretation of the test 

results. 



 

 

349 

 

 

Figure 6-1- Cross section for a) Site 1; b) Site 2 (Simpson et al., 2021). 

Preliminary testing revealed that samples could be divided into two distinct subtypes, 

namely Type A and Type B, according to their characteristics and behaviour. A triaxial 

compression test on a Type A sample showed an initial stiffer response followed by a 

brittle failure at high peak stress, compared to a Type B sample, under the same test 

conditions (Figure 6-2). Based on this, specimens have been named as A or B, followed 

by a number (e.g. A1 to A9, or B1 to B7). The samples from A1 to A4 and from B1 to 

B4 belong to Site 1, while samples A5 to A9 and B5 to B7 have been retrieved from 

Site 2. 

Only for samples extracted at Site 2 of Type A material, one-dimensional compression 

on reconstituted specimens have been performed. 

A selection of the results is presented in the following paragraphs from the very small 

scale of XRPD and SEM techniques to the larger scale standard characterisation and 

triaxial tests, following the testing program shown in Table 6-1. 
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Figure 6-2 - Preliminary triaxial test results on two samples consolidated at p'=235 kPa (Simpson, 2015). 

Specimen A1 A2 A3 A4 A5 A6 A7 A8 A9 B1 B2 B3 B4 B5 B6 B7 

XRPD X 

  

X 

    

X 

 

X X X X X X 

SEM X 

 

X 

  

X X 

 

X X X 

   

X X 

Atterberg 

limits 

X X X X X X X X X X X X X X X X 

Particle 

density 

X X X X X X X X X X X X X X X X 

PSD X X X X X X X X X X X X X X X X 

TXC X X X X 

     

X X X X 

   

OED*     X            

Table 6-1 - Summary of tests performed on each specimen. 

6.3 Uncertainties related to testing procedures 

The tests have been executed on natural samples and, only in the case of A5, one-

dimensional compression tests have been performed on reconstituted material.  

The triaxial test in soil mechanics is undoubtedly one of the most important laboratory 

test techniques, as it has the major advantage of reproducing conditions which are 

more representative of the in-situ state (Chiu et al., 1983). Over the years, there have 

been many studies of the influence of the triaxial technique on the measured properties 

of soils, leading to indications regarding basic equipment design, sample preparation, 
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testing procedures, monitoring techniques, correction methods, among others. 

However, many of these recommendations are not applicable to soft rocks, due to the 

higher strength and characteristics of the material. For this reason, Chiu et al. (1983) 

presented a study with reference to equipment design, measurement systems, 

specimen preparation and geometry, and rates of strain application, applied to the case 

of a natural soft rock. These factors have been considered by Simpson (2015) during 

the experimental investigation of the soft calcareous mudstone. The complete 

sampling, specimen preparation and testing procedures are described in Simpson 

(2015) and are not repeated here. However, it seems worth mentioning that the 

difficulties encountered in the experimental study may add uncertainties to the test 

results and need to be taken into consideration when interpreting the soft rock behaviour 

and calibrating the constitutive model parameters. 

6.4 Mineralogy, constituents, and experimental results at the micro-

scale  

6.4.1 XRPD analysis 

Two sets of qualitative and one quantitative XRPD test were performed on powdered 

bulk samples to characterise the mineralogy, to determine the potential effect of 

dissolution, and to quantify the relative abundance of minerals. The purpose of this 

analysis was to find a link between a possible difference in mineralogy and the observed 

mechanical difference. 

Two samples for each subtype were tested at the natural state and after exposing them 

to flowing deionised water. Results show that all samples are characterised by the 

same minerals, with similar peak angles and peak height, regardless of the subtype 

they belong to (Figure 6-3 and Figure 6-4). The prevailing mineral is Dolomite, with very 

high intensity counts. The presence of Albite, Anorthoclase, Quartz, Halite and 

Palygorskite is detected in all samples. Note that no Calcite is found in any of the 

samples, despite the material being classified as calcareous, as well as no Gypsum or 

Anhydrite is detected, even though it is known that interbedded gypsum exists in 

proximity of the location of extraction of the samples (Simpson et al., 2021; Simpson, 
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2015). The presence of Quartz and Feldspars may be due to occasional grains of detrital 

debris, transported to the low energy environment in which the soft rock has formed. 

Halite is present in the sample probably because of the precipitation of residual saline 

pore-water during the sample preparation and drying process, but it completely 

disappears after the exposition of the sample to deionised water flow, because of its 

dissolvable nature (Simpson et al., 2021; Simpson, 2015). 

Palygorskite is a fibrous clay mineral (hydrous magnesium alumina and iron silicate), 

also known as Attapulgite, member of the Hormite family of clays (Simpson et al., 

2021). It has been often used for industrial applications (e.g. lubricants, adhesives, 

paints, and pharmaceuticals) because of its sorptive capacity (Haydn and Huitang, 

2005; Rhouta et al., 2013). The hyper-saline environment in which the soft rocks have 

formed, together with the high temperature fluctuation and intense evaporations may 

have led to high concentrations of Palygorskite within the carbonate muds, prior to their 

lithification (Simpson et al., 2021). 

 

Figure 6-3 - XRPD analysis for natural samples. 
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Figure 6-4 - XRPD analysis for washed samples. 

The qualitative analysis shows no significant difference between the two subtypes since 

they seem characterised by the same minerals. The different mechanical behaviour 

may be explained by calculating the percentage of abundance of the minerals. Rietveld 

refinement analysis (1969) allowed to quantify the minerals presence by examining the 

peak shape and size during the XRPD analysis. The results are shown in Table 6-2. 

Sample reference Dolomite (%) Quartz (%) Halite (%) Palygorskite 

(%) 

A6 88.0 1.0 1.8 9.2 

A9 89.0 4.0 2.5 4.5 

B4 73.0 1.1 2.9 23.0 

B5 73.0 6.9 2.4 17.7 

B6 84.0 3.6 2.0 10.4 

B7 82.0 2.0 2.0 14.0 

Table 6-2 - Summary of Rietveld analysis on samples of soft calcareous mudstone (Simpson, 2015). 

The quantitative analysis shows that Type A samples are characterised by a higher 

percentage of Dolomite (on average 88.5 %) and lower percentages of Palygorskite (on 

average 6.9%), while Quartz and Halite are present in similar amounts with respect to 

Type B samples. The latter show, in contrast, significantly lower percentages of 
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Dolomite (on average 78%) and a higher percentage of Palygorskite (on average 

16.3%). These findings are confirmed by the Particle Size Distribution results, 

discussed in paragraph 6.4.3. 

6.4.2 SEM analysis 

The images collected with the Scanning Electron Microscopy (SEM) have been used to 

corroborate the findings of the XRPD study and to obtain high resolution and high 

magnification images of the minerals characterising the samples. By analysing the 

images, it could be possible to assess the relative abundance of the minerals, from a 

qualitative point of view, especially in view of a comparison between Type A and Type 

B samples. Small broken fragments of about 1 cm
3

 of size with at least one exposed 

fresh rough surface were created to perform the SEM study. Samples were gold coated 

to maximise image clarity. 

Figure 6-5 refers to A1 sample and shows rounded Dolomite grains, fused together, 

probably representing the remaining of a partially dissolved interlocking configuration. 

The occasional rhombic grains are Dolomite as well, since rhomboid shapes are 

common to Dolomite crystals and no calcite was found in the XRPD analysis. 

 

Figure 6-5 - SEM image of A1 sample. 

High-resolution SEM images were taken of both Type A and Type B samples (A1 and 

B2), showing significant differences between the two subtypes (Figure 6-6). While 
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grains of Dolomite fused together with very little or no inter-clast mineral are present in 

A1, B2 is clearly characterised by high quantities of clay mineral with a micro fibrous 

morphology, both on and between the clasts. Based on the XRPD analysis, the clay 

mineral is believed to be Palygorskite. 

 

Figure 6-6 - SEM analysis of a Type A sample (A1), displaying inter-clast fusing of Dolomite, and a Type B specimen 

(B2) showing a high percentage of inter-clast fibrous Palygorskite and smaller grain size (Simpson et al., 2021). 

6.4.3 Particle size distribution analysis 

PSD tests were performed according to BS1377-2 (1990) on samples of both 

subtypes, taken from both locations. The results referred to Site 1 are shown in Figure 

6-7, while the results of samples extracted from Site 2 are shown in Figure 6-8. 
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Figure 6-7 - PSD curves for representative samples from Site 1 (Simpson et al., 2021). 

 

Figure 6-8 PSD curves for representative samples from Site 2 (Simpson et al., 2021). 

Samples have between 97.3% and 100% fine particles (less than 63m in diameter), 

with clay fraction between 15% and 40%. Type B samples have more grains passing 

the 0.002 mm compared to Type A (9.1% on average), and they are characterised by 

less coarse silt sized particles. This seems to confirm what was observed within the 
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previous tests, i.e. Type B samples are characterised by a higher fraction of clay 

particles. However, only a certain percentage of the particles with a diameter lower than 

0.002 mm corresponds to clay minerals, while the remaining part may be characterised 

by fragments of Dolomite. 

6.5 Index properties and constituents of the soft calcareous mudstone 

6.5.1 Atterberg limits 

Atterberg limits were carried out to classify the behaviour of the remoulded calcareous 

mudstone and to possibly identify differences between Type A and Type B samples, 

using standard tests. Samples were tested according to BS1377-2 (1990). The results 

of the samples from Site 1 and Site 2 are summarised in Table 6-3 and Table 6-4, 

respectively, and they are shown in Figure 6-9, together with the corresponding range 

of values for Corinth marl (Anagnostpoulos et al., 1991), chalk (Lord et al., 2002) and 

the Maltese soft rocks (Mifsud, 2019) that will be illustrated in detail in Chapter 8. 

The results show that there are no significant differences between the two sites, 

although, only in the case of Type B specimens at Site 1, there is a larger variability in 

liquid limit and plasticity index. Merging the results for the two sites and calculating the 

average values for both subtypes, it can be observed that the average plastic limit and 

liquid limit of Type A samples are 23.7% and 40.3%, respectively, while for Type B they 

are 27.7% and 52.7%, respectively. Type A samples are characterised by lower 

plasticity index (on average 16.7%) compared to Type B samples (on average 25%). 

These values are comparable with the ones reported in literature for chalk, while they 

are larger compared to Corinth marl. In general, Type A specimens seem closer to the 

C2 soft rock from Malta, with samples A4, A8 and A9 characterised by the same LL 

and PI values. Type B is characterised by larger values of both LL and PI but, on 

average, they are lower compared to B1 specimens from Malta. Only B4 seems 

characterised by the same liquid limit and plasticity index as B1-Malta. 
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 Sample 

reference 

Plastic limit 

(%) 

Liquid limit 

(%) 

Plasticity index 

(%) 

Plasticity 

designation 

A1 24.0 42.9 18.9 CI 

A2 20.8 32.6 11.8 CL 

A3 28.2 46.4 18.2 CI 

A4 21.7 37.9 16.3 CI 

B1 26.6 54.4 27.8 CH 

B2 26.3 45.1 18.8 CI 

B3 29.7 50.5 20.8 CH 

B4 26.6 66.2 39.6 CH 

Table 6-3 - Atterberg limit test results: Site 1. CL: low-plasticity clay; CI: intermediate plasticity clay; CH: high-

plasticity clay (Simpson, 2015). 

Sample 

reference 

Plastic limit 

(%) 

Liquid limit 

(%) 

Plasticity index 

(%) 

Plasticity 

designation 

A5 23.0 43.5 20.5 CI 

A6 23.3 42.3 19.1 CI 

A7 27.8 44.0 16.3 CI 

A8 21.1 37.8 16.7 CL 

A9 23.3 36.0 12.8 CL 

B5 26.2 53.1 26.9 CH 

B6 29.5 52.3 22.8 CH 

B7 28.5 48.5 20.0 CI 

Table 6-4 - Atterberg limit test results: Site 2. CL: low-plasticity clay; CI: intermediate plasticity clay; CH: high-

plasticity clay (Simpson, 2015). 

The results are plotted in Figure 6-10 according to the Casagrande classification 

system. 

Both Type A and Type B specimens are above the A-line, indicating clay-like behaviour, 

as the other soft rocks considered for comparison. Type A can be designated as 

intermediate to low plasticity, while Type B as intermediate to high plasticity. The 

increase in plasticity is interpreted to be a result of the higher concentration of 

Palygorskite in Type B samples, as concluded from XRPD and SEM analysis, and in 

agreement with what was observed also in the case of B1-Malta specimen, compared 

to C1 and C2 specimens. 
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The activity index, calculated as the ratio of the plasticity index over the clay-sized 

fraction, is equal to 0.82 and 0.85 for Type A samples from Site 1 and Site 2, 

respectively, while it is 0.87 and 0.83 for Type B samples from Site 1 and Site 2, 

respectively. This indicates normal activity in both cases, although, as explained for the 

PSD tests, the clay-sized fraction does not consist entirely of clay minerals. 

 

 

Figure 6-9 - Type A and Type B results compared with Corinth marl, Chalk and Maltese soft rocks: a) LL; b) PI. 
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Figure 6-10 - Casagrande classification of samples from both subtypes and comparison with range of values of 

Corinth marl, Chalk and Maltese soft rocks. 

6.5.2 Particle density tests 

Several particle density tests were carried out on samples from both locations and 

belonging to both subtypes. The mean value of particle density for Type A and Type B 

samples is equal to 2.73 Mg/m
3 

and 2.63 Mg/m
3

, respectively. Dolomite is the mineral 

present in the largest quantity, with a particle density of 2.87 Mg/m
3

 (Huat et al., 2012). 

Additionally, particle density values are 2.65 Mg/m
3

 for Quartz, 2.17-2.20 Mg/m
3

 for 

Halite and 2.1-2.2 Mg/m
3

 for Palygorskite (Kogel et al., 2006; Fang, 2013; Haydn and 

Huitang, 2005). It is hypothesised that local high concentrations of these minerals are 

responsible for the decreased particle density values. 

6.6 One-dimensional compression tests 

An oedometer test has been performed only on reconstituted Type A samples (Figure 

6-11). 

The range of applied pressure is quite low since the maximum vertical effective stress 

is equal to 1600 kPa. For one test only, the results of an unloading phase have been 
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measured. The one-dimensional compression behaviour of the reconstituted samples 

is considered useful for determining typical parameters characterising the material 

behaviour in its intrinsic state.  

 

Figure 6-11 - One-dimensional compression test results on reconstituted Type A samples from Site 2. 

6.7 Consolidated drained triaxial compression tests 

Consolidated drained triaxial compression tests (CDT) were performed on specimens 

belonging to both subtypes to study the effect of a different initial confining pressure. 
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Only triaxial tests on the material in its natural state have been performed and no data 

are available regarding the corresponding reconstituted material. Furthermore, no 

isotropic compression tests have been performed, on either reconstituted or natural 

material. The triaxial tests were carried out according to the BS1377-8 (1990) although 

with slower strain rates to allow multiple data points to be obtained within the small 

strain and very small strain range (Simpson, 2015; Simpson et al., 2021). 

Type A and Type B samples were isotropically consolidated up to an initial confining 

pressure of 235, 470, 940 and 1300 kPa, and then sheared at a strain rate of 0.001% 

axial strain per minute under drained conditions. In addition, small-strain shear stiffness 

G0 was measured using bender elements at the different confining pressures. Samples 

are indicated with the letter A or B depending on the subtypes they belong to, followed 

by a number from 1 to 4 for increasing cell pressure (e.g. A1 refers to a Type A sample 

sheared at p equal to 235 kPa). 

Table 6-5 summarises the initial properties of the samples. 

Property A1 A2 A3 A4 B1 B2 B3 B4 

Initial moisture content (%) 20.1 20.3 17.8 20.1 20.0 20.1 20.5 21.5 

Initial bulk density (Mg/m3) 2.03 2.02 2.02 2.03 2.02 2.02 2.01 2.01 

Initial dry density (Mg/m3) 1.69 1.68 1.71 1.69 1.68 1.68 1.67 1.67 

Initial void ratio (-) 0.59 0.60 0.60 0.59 0.60 0.60 0.61 0.61 

Initial porosity (%) 37.3 37.5 37.7 37.2 37.6 37.6 38.2 38.1 

Initial degree of saturation (%) 91.1 91.3 81.0 91.3 89.8 90.0 89.5 94.1 

Mean effective stress (kPa) 235 470 940 1300 235 470 940 1300 

Table 6-5 - Initial properties of the samples during CDT tests (Simpson et al., 2021). 

Figure 6-12 shows the stress–strain behaviour observed during the CDT tests 

performed with increasing mean confining pressure. All Type A samples show peak 

behaviour, and the visual inspection of samples post failure revealed well-defined shear 

planes, occurring at shear strains no greater than 1.5%. Compared to Type B, samples 

sheared at the same initial confining pressure are characterised by higher stiffness and 

deviatoric peak stress. 

Type B samples stop displaying peak behaviour starting from the test conducted at 940 

kPa. This transition from brittle (rock-like) to ductile (soil-like) behaviour with increasing 
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confining pressure was also observed by Pellegrino (1970) on calcarenite tuff samples. 

Failure occurs in Type B samples at much greater shear strains, between 2.2 and 4.5%, 

more than double the shear strains of the Type A samples at failure from any given 

initial stress state. It can also be noted that the final deviator stress of any Type A 

sample is similar to the final value of the corresponding Type B test for a given initial 

stress state. Post-failure, Type B specimens are characterised by shear planes, 

although they have a more pronounced barrelling at their centre. 

 

Figure 6-12 - Stress-strain behaviour of Type A and Type B samples during drained triaxial compression tests 

(Simpson et al., 2021). 

Figure 6-13 shows the volumetric response of Type A and Type B samples. A1, A2 and 

A3 tests shift from being initially contractant to dilatant as shear strains increase. Only 

A4 is purely contractant throughout the test. The volumetric response of Type B 

samples also indicates a shift from brittle to ductile behaviour as the higher mean 

effective stress states are reached, however this transition is seen to occur at 

significantly lower values of initial confining pressure (as this behaviour is apparent 

from the 940 kPa test onwards), corresponding to similar observations noted in the 

stress–strain analysis. 

This transition from brittle to ductile behaviour may be due to structure degradation 

during the isotropic compression phase prior to shearing or also to the reduction of the 



 

364 

 

overconsolidation ratio for larger cell pressures, such that the shear phase starts from 

a state closer to the wet side of critical rather than the dry side. 

 

Figure 6-13 - Volumetric behaviour of Type A and Type B samples during drained triaxial compression tests 

(Simpson et al., 2021). 

Figure 6-14 presents the triaxial results in terms of stress path and stress ratio against 

the deviatoric strain. The failure points for both Type A and Type B are indicated by the 

crosses in Figure 6-14a. Type B samples are characterised by a slightly larger critical 

stress ratio M, equal to 1.46, with respect to Type A samples with a value of 1.42. 

The stiffness degradation curves for Type A samples are shown in Figure 6-15 together 

with the shear stiffness at very small shear strains. The initial shear stiffness G0 was 

measured with bender elements. As it can be seen in the figure, the value of G0 is 

approximately 20 to 40% greater than the maximum shear stiffness measured with local 

strain gauges, except for the test starting at a mean pressure equal to 1300 kPa, where 

G0 is approximately equal to G derived from local strain data. 
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Figure 6-14 - Results of CDT tests in terms of a) stress path; b) stress ratio vs. deviatoric strain comparing Type A 

and Type B samples (Simpson et al., 2021). 

 

Figure 6-15 - Shear stiffness degradation for Type A samples (Simpson et al., 2021). 

Compared to Type B samples tested at the same mean effective stress (Figure 6-16), 

Type A is characterised by a higher shear stiffness. The stiffness of Type A samples 

degrades rapidly with shear strains until they reach about 0.04%. Then, a constant value 

of G seems to be reached, except from sample A4, where the stiffness continues to 

degrade. At large strains, the shear stiffness of all Type A samples converges to a 

similar residual value. 
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The shear stiffness of Type B samples (Figure 6-16) reduces at a relatively constant 

rate from the initial G0, not showing the stiffness plateau noted in the Type A samples, 

even at low mean effective stresses. As for Type A, the shear stiffness tends to a similar 

value at large strain. 

 

Figure 6-16 - Shear stiffness degradation for Type B samples (Simpson et al., 2021). 

6.8 Brazilian tensile strength 

Indirect tensile tests using the Brazilian method with Digital Image Correlation (DIC) 

were performed on samples from both subtypes, extracted at Site 2. The results 

obtained using the flattened geometry proposed by Wang et al. (2004) have been 

considered more reliable with respect to the ones obtained with the rounded geometry 

proposed by the ASTM standards. 

The measured tensile strength is equal, on average, to 520 kPa and 440 kPa for Type 

A and Type B, respectively, with Type A samples having an average of 80 kPa higher 

tensile strengths than Type B samples. 

6.9 Interpretation of the micro- and macro-scale results 

Considering the evidence obtained from the XRPD and SEM testing, it is believed that 

the presence (or absence) of large quantities of inter-clast Palygorskite within the 
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specimens is responsible for the differences observed in their strength and stiffness 

response. The decrease in material strength with increased Palygorskite content is 

thought to be related to earlier diagenetic processes having been inhibited, thus 

resulting in weaker bonded Dolomite grains. The strongly bonded Type A samples show 

stiffer response than the corresponding Type B samples at any given mean effective 

stress, together with larger deviatoric peak stresses. Therefore, it seems that the larger 

quantities of the clay mineral in Type B specimens may be a controlling factor of the 

overall behaviour during shearing. 

Simpson et al. (2021) conclude that soft calcareous mudstones should be thought of 

as highly structured soils, similar to materials such as Vallericca clay (Amorosi and 

Rampello, 2007), Pappadai clay (Cotecchia and Chandler, 1997; Leroueil, 1998) or 

London clay (Gasparre et al., 2007), in terms of the degree of additional strength and 

stiffness due to the presence of micro-structure. Unlike other soft rocks, as for example 

the calcarenite from Gravina (Lagioia and Nova, 1995; Lagioia et al., 1998), this 

material does not seem to be linear elastic until gross yield is reached but structure 

degradation may occur already during the early stages of compression and shear. This 

hypothesis needs to be confirmed by specific laboratory tests. 

Furthermore, the tests performed on this soft rock do not allow to quantify the effect 

and type of structure, or its degradation, since no tests have been performed on the 

reconstituted material and, isotropic or one-dimensional compression tests are missing 

on natural material. 

These limitations need to be taken into account when selecting an appropriate 

constitutive model for simulating the rock behaviour. The determination and calibration 

of the model parameters present several challenges when few experimental data are 

available, as it will be discussed in Chapter 7. 
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7 SIMULATION OF THE MECHANICAL BEHAVIOUR OF A SOFT 

CALCAREOUS MUDSTONE 

The kinematic hardening model with elements of bounding surface plasticity and 

structure degradation proposed by Rouainia and Muir Wood (2000) has been calibrated 

and tested under different stress paths, based on the experimental data presented in 

the previous chapter and regarding the soft rock from Abu Dhabi (Laera et al., 2021). 

Four drained triaxial tests have been performed on each material subtype at different 

confining pressures, and only a few oedometer tests at low pressures have been 

performed on reconstituted Type A specimens. Unfortunately, the lack of data regarding 

the behaviour of the natural material in compression and in its corresponding 

reconstituted state, does not give the possibility to rigorously define all the model 

parameters that in principle could be experimentally measured, and adds even more 

uncertainties in the calibration of the other quantities characterising the model equations 

such as the interpolation parameters B and  , and the destructuration parameters k 

and A. 

Furthermore, as described in Chapter 4, the RMW model is based on the definition of a 

surface that represents the behaviour of the material in its reconstituted state, based on 

which the dimension of the elastic domain and the magnitude of the structure surface 

are determined. Some of the model parameters refer to the intrinsic characteristics and 

therefore, they are quite difficult to calibrate when none or very few data on the 

reconstituted material behaviour are available. 

Trial and error procedures, optimisation techniques and typical values available in the 

literature have been used to calibrate the model and describe the natural behaviour of 

the soft rock. In this chapter, only the three-surfaces case will be analysed. 

The constitutive model has been implemented in the finite element code PLAXIS (2019). 

The triaxial tests are simulated using either the single-stress point formulation in 

SoilTest or creating a FEM model in PLAXIS, as shown in paragraph 4.5.3. 

A summary of the model parameters for the three-surfaces case is shown in Table 7-1. 
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Parameter Description 

* Slope of the normal compression line in the (ln v, ln p) plane 

* Slope of the swelling line in the (ln v, ln p) plane 

’ Coefficient of Poisson 

M Stress ratio at critical state 

R Ratio of the bubble surface over the reference surface 

r0 Initial ratio of the structure surface over the reference surface 

0 Coefficient of anisotropy of the structure surface 

B Stiffness interpolation parameter 

 Exponent of the normalised distance in the interpolated plastic modulus 

k Absolute rate of destructuration 

A Relative effectiveness of plastic volumetric and plastic deviatoric strains 

 Friction angle at constant volume 

OCR Overconsolidation ratio with respect to the reference surface (2pc / p) 

K0NC Coefficient of earth pressure at rest in normally consolidated conditions 

Table 7-1 - RMW model parameters in PLAXIS. 

7.1 Calibration of model parameters for the simulation of triaxial tests on 

Type A 

The critical stress ratio has been determined based on the results obtained from the 

natural material, although this value should refer to the intrinsic property of the soft rock 

and is generally lower than the corresponding intact value. As shown in Figure 7-1, the 

value of M has been chosen equal to 1.42 for all Type A samples. 

Given equation 3-2, the corresponding value of the friction angle is 35° and, based on 

Jaky’s formula, the K0 coefficient is equal to 0.4264. 

 𝑀 = 
6 sin𝜑

3 − sin𝜑
 

7-1 

Three reconstituted Type A samples have been tested using an oedometer. The results 

have been shown in paragraph 6.6 in the (e, log v) plane. Using the value of K0, it is 

possible to transform the results of the one-dimensional compression tests in the (ln 

v, ln p) plane and determine * and * (Figure 7-2). 
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Only one unloading branch is available, giving a value of 0.002 for *, while the slope 

of the intrinsic compression line has been chosen equal to 0.03. 

 

Figure 7-1 - Stress ratio at critical state for Type A specimens. 

The elastic behaviour is modelled through the hypoelastic formulation as in the Modified 

Cam-Clay model, with the shear stiffness being determined as a function of the stress 

dependent bulk modulus K and the coefficient of Poisson , equal to 0.25. 

There are no tests that could indicate the extension of the elastic domain in this case, 

but the R value has been chosen considering that, for other soft rocks, the elastic 

domain was shown to be quite large. In fact, in 1995, the research group led by 

Tatsuoka performed triaxial tests to investigate the small strain behaviour of the 

Neapolitan Fine Grained Tuff and of the Neapolitan Yellow Tuff, showing that the stress-

strain behaviour is perfectly linear elastic up to very large deviatoric stresses (Tatsuoka 

and Kohata, 1995). 

Based on a parametric analysis, the parameter R indicating the dimension of the bubble 

has been chosen equal to 0.5 and the factor of structure r0 equal to 2.3. Note that the 



 

 

371 

 

elastic domain is quite large with respect to the dimension of the reference surface but 

still small when considering the extension of the structure surface. 

 

Figure 7-2 - Evaluation of the slope of the compression and swelling line. 

The model surfaces are initialised based on the initial stress, the overconsolidation ratio, 

that should not be intended as a geological OCR but only as an initialisation parameter, 

and the value of K0NC which should depend on the initial condition. In the case of a 

triaxial test consisting of an isotropic compression phase, followed by shearing, the 

starting point lies on the isotropic axis, therefore K0NC should be equal to 1.  This means 

that, the initial condition is characterised by a certain mean pressure p0 and a deviatoric 
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stress equal to zero. The intrinsic pre-consolidation pressure (2pc), i.e. the axis of the 

reference surface along p, is equal to the results of the multiplication of p0 by OCR. 

A distinction has been made between the A1 and A2 samples and the A3 and A4 

samples, since the first ones were extracted from two boreholes located at several 

kilometres of distance with respect to the other two. 

Furthermore, being on the dry side of critical state, slightly smaller surfaces have been 

used for the simulation of the A1 behaviour compared to A2, although the other 

parameters values have been chosen such that they could be representative for all the 

Type A specimens. 

A summary of the OCR values specified for each test is reported in Table 7-2, together 

with the corresponding sizes of the three surfaces. Note that the overconsolidation ratio 

assumed for each test refers to an initial isotropic state of 235 kPa, which represents 

the initial stress state. In the case of A1, the subsequent phase consists of drained 

shearing while, for the others, an isotropic compression phase up to the desired cell 

pressure is simulated before the shear phase. 

The initial void ratio is not required for the model initialisation since its effect is taken 

into account through the normalisation of λ* and κ*. 

Since the available data do not give any information on a possible initial anisotropy of 

the material, it has been considered appropriate to set η0 to zero, therefore all surfaces 

are centred on the isotropic axis. 

The representation of the surfaces in the (q, p) plane is shown in Figure 7-3 for A1, 

Figure 7-4 for A2 and Figure 7-5 for A3 and A4, together with the point indicating the 

stress state at the beginning of the shear phase. 

Property A1 A2 A3-A4 

OCR at p=235 kPa (-) 7 8 12 

2pc (kPa) 1645 1880 2820 

2Rpc (kPa) 822.5 940 1410 

2r0pc (kPa) 3783.5 4324 6486 

p0 (kPa) 235 470 940-1300 

Table 7-2 - Overconsolidation ratios and size of the model surfaces for each test. 
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Figure 7-3 - Model surfaces configuration for A1. 

 

Figure 7-4 - Model surfaces configuration for A2. 
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Figure 7-5 - Model surfaces configuration for A3 and A4. 

The initial stress condition at the beginning of the shear phase lies on the dry side of 

critical state with respect to the structure surface in all cases, but, with respect to the 

bubble surface, only A1 is on the dry side, while A3 and A4 are on the wet side and A2 

coincides with the centre of the bubble. 

Furthermore, the isotropic compression phase from 235 kPa to the A2, A3 and A4 cell 

pressures is always elastic, as well as an initial part of the shear phase. 

As soon as the current stress state touches the bubble surface, the behaviour becomes 

elasto-plastic and both the interpolation parameters, B and ψ, and the destructuration 

parameters, k and A, influence the model response. 

Since it is not clear whether the destructuration of the soft rock depends more on the 

volumetric rather than the deviatoric strains, the value of A has been chosen equal to 

0.5. This means that the damage strain d equally depends on the plastic volumetric 

and deviatoric strain (equation 4-26 in Chapter 4). 

Through a sensitivity analysis, the effect of B, ψ and k is evaluated. 
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The parametric study for each parameter is shown in the case of A1, simulating a triaxial 

drained test up to an axial strain of 5% and considering that: 

1. B is varied between 20 and 40, with ψ and k equal to 1; 

2. ψ is varied between 0.8 and 1.2, with B equal to 30 and k equal to 1; 

3. k is varied between 0.5 and 1.5, with B equal to 30 and ψ equal to 1. 

The range of variation of k and ψ is the same (for k) or very similar to the one used in 

Chapter 5 (between 0.1 and 2 for ψ). In fact, in the case of ψ, its effect is on a 

normalised distance, which is independent from other model parameters. 

As for B, section 5.4.1.3 has highlighted the dependency of its value on the size of the 

bubble surface R, since B is a scaling factor of the interpolation modulus Hi and R 

modifies the bubble surface gradient, also contributing to Hi. It was demonstrated that, 

a value of B equal to 5, when R is 0.1, corresponds to a very stiff and strong response, 

and, beyond that value, very little change in the results can be observed. However, the 

same value of B, when R is 0.7, considerably affects the simulation in terms of stiffness 

and strength. Given the same value for all model parameters except from R, a similar 

simulated response can be obtained by increasing B with increasing R. 

In the case of the soft calcareous mudstone here considered, R has been chosen equal 

to 0.5 and 0.7, for Type A and Type B, respectively. Therefore, a range of B values 

larger than 5 must be evaluated to obtain the same stiffness and strength observed in 

the experimental results. 

7.1.1 Parametric variation of B 

The first analysis considers the effect of B. The simulated behaviour in the (q, q) plane 

(Figure 7-6) overlaps in the initial stages of the elasto-plastic phase for all values of B 

but, at larger deviatoric strains, the model response is stiffer for larger values of B. 

Additionally, a higher peak deviatoric stress is reached at lower deviatoric strains, when 

B is higher. 

After peak, the simulated response overlaps again for all values of B. The reason may 

be the bubble touching the structure surface at the maximum deviatoric stress, such 

that the interpolation parameters do not influence the model response anymore. 
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On the contrary, the variation of B does not seem to have an impact on the volumetric 

response (Figure 7-7) and, consequently, both the evolution of the reference 

preconsolidation pressure pc (Figure 7-8) and of the factor of structure r (Figure 7-9) 

coincides for any value of B considered in this analysis. Note that, since the stress 

state is on the dry side of critical state, the volumetric behaviour is initially contractant 

and it becomes dilatant before qpeak is reached. 

 

Figure 7-6 - Effect of the variation of B for A1 simulation in the (q, q) plane. 

 

Figure 7-7 - Effect of the variation of B for A1 simulation in the (v, q) plane. 
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Figure 7-8 - Effect of the variation of B on the surfaces size pc, with respect to the initial value, for A1 simulation. 

In all cases, as an effect of both negative volumetric hardening and destructuration, the 

model surfaces shrink, such that, at the end of the analysis, both pc and r have reduced 

to about 55% of their corresponding initial value. 

 

Figure 7-9 - Effect of the variation of B on the factor of structure r, with respect to the initial value, for A1 simulation. 
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Table 7-3 summarises the change in peak deviatoric stress and the corresponding 

quantities, such as the deviatoric and volumetric strains and the size of the surfaces, 

for different values of B. 

Property B=20 B=30 B=40 

qpeak (kPa) 1957.3 2053.9 2112.5 

q at qpeak (%) 0.859 0.770 0.717 

v at qpeak (%) -0.022 -0.081 -0.118 

pc /pc0 at qpeak (-) 0.917 0.934 0.945 

r/r0 at qpeak (-) 0.924 0.941 0.952 

pc /pc0 at q, max (-) 0.549 0.540 0.535 

r/r0 at q, max (-) 0.539 0.538 0.537 

Table 7-3 - Peak deviatoric stress and corresponding value of other quantities, for different values of B, with k and 

 equal to 1. 

7.1.2 Parametric variation of  

The parameter  also affects the plastic interpolation modulus while the bubble is inside 

the structure surface and not yet in contact with it, since it is the exponent of the 

normalised distance (
𝑏
𝑏𝑚𝑎𝑥
⁄ ). Opposite to B, lower values of  mean a stiffer 

response, which is accompanied by higher peak deviatoric stresses at lower values of 

deviatoric strains (Figure 7-10). After peak, the model response does not overlap 

perfectly, as in the cases shown for the variation of B, meaning that the distance 

between the current stress and the conjugate point may have not become exactly zero 

in one or more cases. 

The variation of the volumetric strains is minimal. It starts from a deviatoric strain of 

2% and becomes noticeable only towards the end of the test, at deviatoric strains larger 

than 4% (Figure 7-11). This reflects on the evolution of pc that, at the end of the test, 

reaches 52% of its initial value for the smallest value of , while it is 2% and 4% larger 

for  equal to 1 and 1.2, respectively (Figure 7-12). 

The evolution of the factor of structure r is identical for any value of  considered in 

this analysis (Figure 7-13), reaching about 55% of its initial value at the end of the test. 
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Figure 7-10 - Effect of the variation of  for A1 simulation in the (q, q) plane. 

 

Figure 7-11 - Effect of the variation of  for A1 simulation in the (v, q) plane. 
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Figure 7-12 - Effect of the variation of  on the surface size pc, with respect to the initial value, for A1 simulation. 

Table 7-4 summarises the change in peak deviatoric stress and the corresponding 

quantities, such as the deviatoric and volumetric strains and the size of the surfaces, 

for different values of . 

 

Figure 7-13 - Effect of the variation of  on the factor of structure r, with respect to the initial value, for A1 simulation. 

Property =0.8 =1.0 =1.2 
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qpeak (kPa) 2167.5 2053.9 1931.7 

q at qpeak (%) 0.695 0.770 0.837 

v at qpeak (%) -0.141 -0.081 -0.028 

pc /pc0 at qpeak (-) 0.951 0.934 0.919 

r/r0 at qpeak (-) 0.957 0.941 0.928 

pc /pc0 at q, max (-) 0.520 0.540 0.567 

r/r0 at q, max (-) 0.536 0.538 0.540 

Table 7-4 - Peak deviatoric stress and corresponding value of other quantities, for different values of , with B equal 

to 30 and k equal to 1. 

7.1.3 Parametric variation of k 

The model simulates the destructuration process with a monotonic reduction with 

increasing plastic strains of the parameter r, representing the magnitude of structure, 

at a rate given by the factor k. As shown in Chapter 5, though the destructuration 

process activates at the beginning of the elasto-plastic phase, the model response is 

dominated by the plastic interpolation modulus when B and  are such that the model 

response is quite stiff, and the plastic strains are not large enough to determine an 

important destructuration. In fact, when B and  are both equal to 1, the factor of 

structure r starts to decrease only in proximity of the peak deviatoric stress. In Figure 

7-14, the effect of a variation of the velocity of destructuration is shown: high values of 

k determine a reduced peak deviatoric stress at roughly the same deviatoric strain, and 

a more pronounced softening behaviour after peak. 

Volumetric strains are larger when k is lower (Figure 7-15) and, consequently, they 

impact the negative volumetric hardening, such that, at the end of the test, pc has 

reduced by about 50% when k is 0.5 instead of 40% when k is 1.5 (Figure 7-16). 

At the same time, the structure surface reduces its size due to the destructuration 

process, that is faster and leads to larger reduction of r when the velocity of 

destructuration is high, as in the case of k equal to 1.5 (Figure 7-17). 

The evolution of r is quite different from the beginning of the elasto-plastic phase, for 

the three chosen values and, at the end of the test, r has decreased by 50% when k is 

1.5 and only by 30% when k is 0.5. 
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Figure 7-14 - Effect of the variation of k for A1 simulation in the (q, q) plane. 

 

Figure 7-15 - Effect of the variation of k for A1 simulation in the (v, q) plane. 
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Figure 7-16 - Effect of the variation of k on the factor of structure pc, with respect to the initial value, for A1 simulation. 

 

Figure 7-17 - Effect of the variation of k on the surface size r, with respect to the initial value, for A1 simulation. 

Table 7-5 summarises the change in peak deviatoric stress and the corresponding 

quantities, such as the deviatoric and volumetric strains and the size of the surfaces, 

for different values of k. 
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Property k=0.5 k=1.0 k=1.5 

qpeak (kPa) 2104.6 2053.9 2009.6 

q at qpeak (%) 0.801 0.770 0.744 

v at qpeak (%) -0.064 -0.081 -0.094 

pc /pc0 at qpeak (-) 0.927 0.934 0.939 

r/r0 at qpeak (-) 0.967 0.941 0.920 

pc /pc0 at q, max (-) 0.477 0.540 0.582 

r/r0 at q, max (-) 0.670 0.538 0.481 

Table 7-5 - Peak deviatoric stress and corresponding value of other quantities, for different values of k, with B equal 

to 30 and  equal to 1. 

7.1.4 Selection of B,  and k 

The parametric analysis has given some indications about the possible range of values 

to be adopted for B,  and k in the simulation of the triaxial tests on Type A samples. 

With the aim of selecting a unique value for each parameter for all tests, a trial and error 

procedure to fit the experimental triaxial test results has led to the selection of a value 

of 33 for B and 1.15 for , while k is 2.2 for A1, where a more rapid destructuration 

seems to take place, and 0.3 for A2, A3 and A4. 

A summary of the model parameters and the chosen corresponding value is shown in 

Table 7-6. 

Parameter A1 A2 A3 A4 

* 0.03 0.03 0.03 0.03 

* 0.002 0.002 0.002 0.002 

’ 0.25 0.25 0.25 0.25 

M 1.42 1.42 1.42 1.42 

R 0.5 0.5 0.5 0.5 

r0 2.3 2.3 2.3 2.3 

0 0.0 0.0 0.0 0.0 

B 33 33 33 33 

 1.15 1.15 1.15 1.15 

k 2.2 0.3 0.3 0.3 

A 0.5 0.5 0.5 0.5 

 35 35 35 35 

OCR at p=235 kPa 7 8 12 12 
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K0NC 1 1 1 1 

Table 7-6 - Values of the RWM model parameters for the simulation of laboratory tests on Type A specimens. 

7.2 Simulation of triaxial tests on Type A 

For every test simulation, the initialisation of the model surfaces is based on the initial 

stress state given by a mean pressure of 235 kPa and a deviatoric stress equal to zero, 

with K0NC equal to 1. Based on the different OCR (as in Table 7-6), the model surfaces 

are consequently defined. 

The experimental results have been presented up to a deviatoric strain value preceding 

the onset of strain localisation in the sample, since its effects can only be captured 

using special numerical algorithms beyond the scope of this work. 

In the case of A1, the first phase after the initialisation consists of a drained shear 

phase. The results are plotted in Figure 7-18a and Figure 7-19a, showing that the model 

is able to capture the fragile behaviour exhibited by the A1 specimen, as well as the 

transition from contractant to dilatant behaviour. As it can also be observed in Figure 

7-20a, the shear stiffness is quite similar to the experimental one, except the initial G, 

which may be better simulated using the formula by Viggiani and Atkinson (1995) or 

other forms of elasticity. 

The peak deviatoric stress is the same in the experiment and in the simulation and, after 

peak, softening occurs. In terms of volumetric strains, the simulation shows slightly 

more contraction, but it should be considered that the magnitude of the volumetric 

strains is quite small compared to the deviatoric ones. 

In Figure 7-18b and Figure 7-19b, the comparison between simulated and experimental 

results for the A2 specimen is shown. In this case, after the model initialisation, an 

isotropic compression phase is simulated, reaching 475 kPa, followed by a drained 

triaxial shear phase. 

The simulated result shows higher stiffness compared to the experimental one but, as 

discussed in paragraph 6.7, the measured stiffness seems underestimated, since it 

overlaps with the one of the specimen shared at a mean pressure of 235 kPa. 

The value of the peak deviatoric stress is well captured, although it occurs at a lower 

deviatoric strain compared to the experiment, as a consequence of the higher stiffness. 
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Also in this case, softening occurs after peak and, in the (v, q) plane, the behaviour 

evolves from initially contractant to dilatant. Both trends are simulated by the model. 

 

Figure 7-18 – Comparison between experimental and simulated triaxial tests in the (q, q) plane for a) A1; b) A2. 

 

Figure 7-19 - Comparison between experimental and simulated triaxial tests in the (v, q) plane for a) A1; b) A2. 

As expected, G0 is underestimated as in the previous case but, for larger strains, the 

experimental shear stiffness is much lower than the one characterising the simulation 

(Figure 7-20b). 
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Figure 7-20 - Comparison between experimental and simulated shear stiffness for a) A1; b) A2. 

In the case of A3 and A4, the model parameters are the same for both sets, meaning 

that the initialisation of the model coincides. In both cases, an isotropic compression 

phase up to 940 kPa and 1300 kPa, respectively, is simulated, followed by a drained 

triaxial shear phase. 

The results are shown in Figure 7-21, Figure 7-22 and Figure 7-23. The experimental 

results are plotted up to the point in which strain localisation may have occurred and 

the measured values would not be representative of the entire specimen anymore. 

In the case of A3, the simulated behaviour appears to be slightly stiffer compared to 

the experiment, but the value of the peak deviatoric stress is well captured, as well as 

the volumetric response. 

In the case of A4, the simulation is slightly less stiff than the experiment but, also in 

this case, the peak deviatoric stress is well captured both in its magnitude but also in 

the value of the deviatoric strain at which it occurs. A very good simulation of the 

volumetric strains is obtained for A4. 
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Figure 7-21 - Comparison between experimental and simulated triaxial tests in the (q, q) plane for a) A3; b) A4. 

 

Figure 7-22 - Comparison between experimental and simulated triaxial tests in the (v, q) plane for a) A3; b) A4. 
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Figure 7-23 - Comparison between experimental and simulated shear stiffness for a) A3; b) A4. 

In all cases, the initial shear stiffness is underestimated, and further research may 

consider using the formula by Viggiani and Atkinson (1995) to describe G0. This would 

require the calibration of the coefficients Ag, mg and ng, which could be done based 

on both the plasticity index of the material and the approach described by Lollino et al. 

(2005) for Pappadai clay. 

7.3 Calibration of model parameters for the simulation of triaxial tests on 

Type B 

Type B samples have shown a lower stiffness and strength compared to Type A 

specimens sheared at the same confining pressures. This characteristic will reflect also 

on some of the model parameters, as for example the factor of structure r, the 

interpolation stiffness parameter B or the slope *. 

Differently from Type A, there are no oedometer tests or other compression tests 

performed on reconstituted Type B samples. For this reason, the same value of * as 

for Type A has been assumed, as well as the same value for the coefficient of Poisson. 
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The critical stress ratio, based on the results obtained from the natural material, is equal 

to 1.46 (Figure 7-24) with a corresponding value of the friction angle equal to 36° and, 

based on Jaky’s formula, the K0 coefficient is 0.4122. 

 

Figure 7-24 - Stress ratio at critical state for Type B specimens. 

Based on a parametric analysis and considering a rather large elastic domain, the factor 

R indicating the dimension of the bubble has been chosen equal to 0.7. Inside the 

bubble, the behaviour is purely elastic and described through a value of * equal to 

0.007, indicating lower stiffness compared to Type A. Additionally, the factor of 

structure r0 has been chosen equal to 1.8, since the material seems to show a lower 

degree of bonding compared to Type A. 

As explained in the previous case of Type A samples, the model surfaces are initialised 

considering K0NC equal to 1, and with the OCR values shown in Table 7-7 together with 

the sizes of all surfaces. 
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Property B1 B2-B3 B4 

OCR at p=235 kPa (-) 5 8 12 

2pc (kPa) 1175 1880 2820 

2Rpc (kPa) 822.5 1316 1974 

2r0pc (kPa) 2115 3384 5076 

p0 (kPa) 235 470-940 1300 

Table 7-7 - Overconsolidation ratios and size of the model surfaces for each test. 

A distinction has been made for the B1 sample, since it shows a less pronounced peak 

behaviour compared to B2 even though the latter is sheared at a higher confining 

pressure. The same OCR is used for B2 and B3, and it is equal to A2, while for B4 the 

same OCR as A3 and A4 is used. 

As there are no data indicating a possible initial anisotropy of the material, η0 has been 

set equal to zero, therefore all surfaces are centred on the isotropic axis. 

The representation of the surfaces in the (q, p) plane is shown in Figure 7-25 for B1, in 

Figure 7-26 for B2 and B3, and in Figure 7-27 for B4, together with the point indicating 

the stress state at the beginning of the shear phase. 

For all Type B samples, based on a sensitivity analysis, the parameter  has been 

chosen equal to 1.15 as for Type A, while k is 0.03, since a slower degradation of 

structure seems to take place in these samples, and B is 15 since Type B shows a 

more deformable behaviour. 

A summary of the model parameters and their corresponding chosen values is shown 

in Table 7-8. 
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Parameter B1 B2 B3 B4 

* 0.03 0.03 0.03 0.03 

* 0.002 0.002 0.002 0.002 

’ 0.25 0.25 0.25 0.25 

M 1.46 1.46 1.46 1.46 

R 0.7 0.7 0.7 0.7 

r0 1.8 1.8 1.8 1.8 

0 0.0 0.0 0.0 0.0 

B 15 15 15 15 

 1.15 1.15 1.15 1.15 

k 0.03 0.03 0.03 0.03 

A 0.5 0.5 0.5 0.5 

 36 36 36 36 

OCR at p=235 kPa 5 8 8 12 

K0NC 1 1 1 1 

Table 7-8 - Values of the RWM model parameters for the simulation of laboratory tests on Type B specimens. 

 

Figure 7-25 - Model surfaces configuration for B1. 



 

 

393 

 

 

Figure 7-26 - Model surfaces configuration for B2 and B3. 

 

Figure 7-27 - Model surfaces configuration for B4. 
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7.4 Simulation of triaxial tests on Type B 

The triaxial tests are simulated in the same way as for Type A, i.e. with the model 

initialisation at a mean pressure of 235 kPa, followed either by a drained shear phase 

(B1) or an isotropic compression phase up to the desired confining pressure, followed 

by the shear phase. 

Also in this case, the experimental results are shown up to a deviatoric strain value of 

4%, considered to roughly be the value at the onset of strain localisation in the sample. 

The results of the simulated laboratory tests on B1 and B2 are represented in the (q, 

q) plane in Figure 7-28 and in terms of strains in Figure 7-29. 

The material stiffness seems well represented in both cases within the elastic domain, 

after which a stiffer response is predicted by the model. The peak deviatoric stress is 

captured in both cases although it occurs at a lower deviatoric strain compared to the 

experiments. Softening is predicted by both the real data and the simulation, but the 

latter occurs at a higher rate in the case of B1 and at a lower rate in the case of B2, 

with respect to the experimental results. 

 

Figure 7-28 - Comparison between experimental and simulated triaxial tests in the (q, q) plane for a) B1; b) B2. 
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Similarly, the general trend of the evolution of the volumetric strains is captured by the 

model, but it occurs faster for B1 and slower for B2. The maximum value of the 

volumetric strains coincides with the experimental results in the case of B1, while it is 

overestimated for B2. 

 

Figure 7-29 - Comparison between experimental and simulated triaxial tests in the (v, q) plane for a) B1; b) B2. 

The volumetric strains become negative at q roughly equal to 3% in both simulations, 

while B1 does not show a change in sign until a deviatoric strain of 4% and, in B2, the 

transition occurs already at 2% of q. 

As in the case of Type A samples, the initial shear stiffness (Figure 7-30) is not well 

captured by the model, also due to the choice of simulating the elastic behaviour with 

the Cam-Clay hypoelastic formulation, but at larger strains the shear stiffness seems 

to cross the experimental one and to become slightly larger before it decays, as 

observed in Figure 7-28. 
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Figure 7-30 - Comparison between experimental and simulated shear stiffness for a) B1; b) B2. 

A better simulation of the elasto-plastic behaviour of B1 and B2 before reaching qpeak, 

could be achieved with another combination of values for B,  and k, although this may 

affect the value of the peak deviatoric stress and may not be suitable for the simulation 

of B3 and B4, whose results are shown in Figure 7-31 and Figure 7-32. 

There is very good agreement between the experimental and the simulation results in 

the (q, q) plane and this also the case for the strain behaviour of B4, while B3 is 

characterised by lower simulated volumetric strains compared to the experiment. The 

measured volumetric strains of B3 may be affected by some errors since their value is 

very high and an order of magnitude larger than B4, which is sheared starting from a 

larger confining pressure. 

In both B3 and B4 cases, the behaviour is only contractant and does not show any 

softening. 
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Figure 7-31 - Comparison between experimental and simulated triaxial tests in the (q, q) plane for a) B3; b) B4. 

 

Figure 7-32 - Comparison between experimental and simulated triaxial tests in the (v, q) plane for a) B3; b) B4. 

The initial stiffness is underestimated also in this case (Figure 7-33) but, at larger 

strains, there seems to be a good agreement between measured and simulated data. 
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Figure 7-33 - Comparison between experimental and simulated shear stiffness for a) B3; b) B4. 

7.5 Comparison of test results for Type A and Type B 

In this section, the results obtained for Type A and Type B are compared, at the same 

confining pressure. 

Figure 7-34 highlights the stiffer and stronger behaviour of the less plastic Type A 

specimens compared to Type B, at the two lowest confining pressures of 235 kPa and 

470 kPa. In both cases, the model seems to well represent the soft rock behaviour, 

which is fragile and characterised by an initially contractant and then dilatant behaviour 

(Figure 7-35). 

At higher pressures, Type A is still characterised by peak behaviour, while Type B is 

characterised by strain hardening and no dilation (Figure 7-36 and Figure 7-37). The 

simulation results are in very good agreement with the experimental data in the case of 

both subtypes. 

In all cases, the simulations are also successful in capturing the magnitude of the 

observed peak deviatoric stress for both subtypes. 

It can be observed how an accurate calibration of the model parameters, supported by 

experimental test results, can lead to a set of values as uniform as possible, able to 

characterise the model behaviour at all confining pressures. 
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Figure 7-34 - Comparison between experimental and simulated TX tests in the (q, q) plane for a) A1, B1; b) A2, B2. 

 

Figure 7-35 - Comparison between experimental and simulated TX tests in the (v, q) plane for a) A1, B1; b) A2, 

B2. 

This work represents a first attempt to use an advanced soil constitutive model, 

accounting for structure degradation, to predict the mechanical response of a 

calcareous mudstone. The results seem to indicate that the shear behaviour of the 

investigated soft rock can be adequately interpreted within the elasto-plastic framework 

developed for cemented soils. 
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It can be noted that the shear stiffness observed in the experimental results of Type A 

samples does not increase with higher confining pressure, as expected, but seems to 

be the same for the A1 and A2 tests. Instead, the constitutive model predicts a stiffness 

that linearly increases with the mean pressure. The use of a different formulation for the 

elastic behaviour, as for example the small-strain stiffness equation proposed by 

Viggiani and Atkinson (1995) or the hyperelastic formulation by Houlsby et al. (2005), 

may improve the model predictions and will be considered for further developments of 

this research. 

Furthermore, a known limitation of the RMW constitutive model for soft rocks is the 

impossibility to account for a certain tensile strength, which characterises the material, 

as discussed in paragraph 6.8. 

 

Figure 7-36 - Comparison between experimental and simulated TX tests in the (q, q) plane for a) A3, B3; b) A4, B4. 
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Figure 7-37 - Comparison between experimental and simulated TX tests in the (v, q) plane for a) A3, B3; b) A4, 

B4. 
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8 MICRO- AND MACRO-STRUCTURAL BEHAVIOUR OF THE MIDDLE 

GLOBIGERINA LIMESTONE 

This chapter focuses on the marls of the Middle Globigerina Limestone formation, 

characterising extensive areas of the Maltese Islands. As in other countries, these soft 

rocks are sometimes found to be weaker than expected, and fractured, while in other 

situations they behave as a strong and stiff material. 

The growth and development of the past few decades all over the island brought to an 

increase in demand for new buildings, together with the observation of structural 

problems in the existing ones. 

Two opposite approaches are often used, either overly conservative, when engineers 

familiar with the problems of excavating in such rocks implement heavy retaining 

structures at a considerable cost, or overly optimistic, considering the material being a 

stiff rock and resulting in several accidents during excavation and serviceability 

problems at a later stage. 

Understanding the materials in the ground has become more important, and solutions 

based on empiricism and experience seem to be not appropriate anymore. 

For this reason, Mifsud (2019) developed an extensive program of tests at the micro-

and macro-scale during his PhD research, having the objective of providing a 

framework to understand the behaviour of these ground materials and, consequently, 

allow prediction of deformation and feasible failure mechanisms. 

8.1 Geological overview 

The Globigerina Limestone Formation (GLF) consists of three members (Upper, Middle 

and Lower), with a Blue Clay Formation at the top (Figure 8-1). 

The UGL is known to be very weak, such that it can be easily excavated using the 

bucket of a small excavating machine, and it is found frequently fractured. Despite this, 

its behaviour is not like the one of a soil. In fact, a considerable degree of cementation 

between the particles allows steep slopes and vertical faces to be supported. X-ray 

diffraction showed that the content of calcite is about 50% to 75% and that the clay 
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minerals consist mostly of kaolinite (60%), while the remaining part consists of illite 

and smectite. 

 

Figure 8-1 - Section through the stratigraphic sequence at Blata tal-Melħ, l/o Baħrija (Mifsud, 2019). 

Outcrops of Middle Globigerina Limestone can be observed in large parts of the island, 

and especially, in densely populated areas, implying that this material is often 

considered competent in terms of bearing capacity for building foundations (Mifsud, 

2019). The MGL is characterised by higher percentages of calcite with respect to the 

UGL, while the kaolinite is mostly replaced by smectite. This may explain the unstable 
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nature of excavation faces within this material, since this mineral is known to be 

expansive, even though the material is usually classified as a strong fine-grained marly 

limestone. 

Finally, the LGL, very rich in carbonate content, has been usually extracted to create 

good quality building stones, using the uniform and homogeneous part of the limestone 

and avoiding the local bioturbated zones that are less resistant to weathering (Sammut, 

1991). 

An important aspect that differentiates each member of the Globigerina Limestone 

Formation is the behaviour when subjected to weathering processes: 

• the weathered UGL is dominated by the degree of fracturing and the strength of 

the small remaining pieces of intact rock; 

• the weathered MGL keeps its intact characteristics, although it is weaker than 

the parent rock; 

• the weathered LGL is characterised by large horizontal discontinuities, typically 

widely spaced and with the in-between rock remaining relatively intact and of 

similar strength with respect to the parent rock. 

The attention here is focussed on the Middle Globigerina Limestone. Its characteristic 

behaviour makes this material a good candidate to explore the capabilities of an 

advanced constitutive model, initially proposed for structured clays, to capture the 

mechanical response of a soft rock. 

In the other cases, where the behaviour is dominated by fractures, constitutive models 

specifically for rock behaviour or numerical methods that account for discontinuities 

need to be used. 

8.2 Site location 

All samples belonging to the Middle Globigerina Limestone studied by Mifsud (2019) 

have been taken in Mrieħel, a city in the central part of Malta, located on a shallow ridge 

where a large residential area extends on one side of the ridge to the north, and an 

industrial area extends on the other side to the south (Figure 8-2). Two specific sites 

have been considered for sample extraction, one for each side. Site 1 is situated in the 

industrial area, where the Mrieħel Towers project was developed parallel to Mifsud’s 
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research, involving a four-storey excavation. Site 2 is located on the other side of the 

ridge, at the same elevation above mean sea level as Site 1, at the old church of “Santa 

Marija”. This last site was chosen considering the many structural problems observed 

over the years in the church, probably due to the underlying soft rock. 

 

Figure 8-2 - Contour map of Mrieħel, showing topography, and the respective residential/industrial zones (Mifsud, 

2019). 

The geological map of Mrieħel, shown in Figure 8-3, has been drawn by Mifsud (2019) 

based on the analysis of existing topographical and geological data. It can be observed 

that the outcrop consists of both the Middle and Lower Globigerina members of the 

GLF. Site 1 is located within an outcrop of the MGL, while Site 2 is located near the 

boundary between the MGL and the LGL, indicated with a dotted line since the area has 
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been densely built in the last few decades making it difficult to precisely identify the 

location of the boundary. 

 

Figure 8-3 - Geological cross-section drawn by Mifsud (2019) based on desk studies, investigations and inspections 

carried out in the area. 

The soil profile identified in Site 1 is shown in Figure 8-4, with three layers subdivided 

into three main lithological zones: soil (zone A), weathered rock (zone B) and rock (zone 

C). The thickness of the top layer, indicated as zone A, is about 3.5 m and consists of 

very weak materials, containing several man-made artefacts. This layer, with poor 

geotechnical characteristics, is usually removed before laying the foundations of a 

building. Below, zone B is characterised by a layer of weathered rock with varying 

thickness that, at the chosen sampling location in Site 1, is equal to about 2 m. This 

material is characterised by intense fissuring: in the upper part the spacing is of only 

few millimetres, while it increases towards the bottom of this layer, reaching about 80 

mm. Beneath the weathered zone, the rock becomes considerably stronger (zone C) 

and is characterised by a very different olive-grey colour. The change in colour is 

abrupt, while fissures can be observed in the upper part of this layer, and they gradually 

disappear until the rock becomes massive at depth. These materials appear to represent 

the unweathered parent rock belonging to the thicker sections of the MGL. Figure 8-4 

also shows that, between +32.0 m and +32.5 m above mean sea level and within the 

intact rock in zone C, a layer with a thickness of 0.2-0.3 m, essentially distributed over 

a horizontal plane in the whole site and rich in fossils (Zone C (fr)), exists.  
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Figure 8-4 Soil profile at Site 1 indicating the three main lithological zones: soil (zone A), weathered rock (zone B) 

and rock (zone C); C(fr) corresponds to a fossil-rich layer found in Zone C (modified after Cassar, 2018) (Mifsud, 

2019). 

The fossil-rich layer consists of a conglomerate of macrofossils in a matrix of sand and 

silt particles, that gives important information on the depositional sequence that created 
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the massive rock forming zone C, interested by a significant change in environmental 

conditions. 

An image of the excavation site at Mrieħel towers (Site 1) (Figure 8-5) shows the 

different natural colours of the soil and rock belonging to each zone and the change in 

thickness of the rock belonging to zone B. 

 

Figure 8-5 - Excavation at Site 1, showing the three lithological zones, characterised by different natural colours, 

and the variation in thickness of the rock in Zone B (Mifsud, 2019). 

Site 2 is located on the opposite side of the ridge and presents similar geological 

characteristics to Site 1, but also some important differences. 

Most of the church appears to be founded directly on a moderately hard layer, about 

0.4 m thick, very rich in fossils, similarly to the fossil-rich layer in Zone C(fr) at Site 1. 

The thickness of the MGL below the church is between 12.8 to 14 m and a grey 

coloured rock, similar to the one characterising Zone C at Site 1, is found at 

approximately the same depth (between 4.9 and 7.7 m) by borehole drillings. 

An excavation at a location close to the church showed the presence of the olive-grey 

coloured rock of Zone C, overlayed by the characteristic light-coloured soft rock, similar 

to Zone B at Site 1, intensely fissured. 
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These soft rocks clearly undergo considerable changes as they weather, especially in 

terms of mechanical response, becoming markedly different from the parent rock. In 

this respect, the characteristics of the original parent rock, its relationship with its 

weathered version and with its reconstituted state have been studied by Mifsud (2019), 

with reference to three different materials, indicated by the three sampling points B1, 

C1, and C2 in Figure 8-6. 

 

Figure 8-6 - Geologic map proposed by Mifsud (2019) with the indication of the two sampling sites and the three 

sampled materials. 

8.3 Uncertainties related to testing procedures 

This study focuses on the behaviour of the soft rock in its intact and reconstituted state. 

Discontinuities may affect the rock mass behaviour, as observed in the field, but they 

are not taken into account in this part of the research. 

The Mrieħel soft rocks have been tested considering them as continua of relatively 

weak strength, in which issues related to soil behaviour are of fundamental importance 

(Leroueil and Vaughan, 1990; Johnston and Novello, 1993). This influenced the choice 

of the adopted testing methodology. 

Significant difficulties were encountered during the testing of the Mrieħel samples. Most 

of the tests used in Mifsud’s research (2019) have their origin in research related to 

soil and have been developed and adapted to the study of structured soils, which are 

still relatively very weak in comparison to the stiffer materials that are generally 

classified as soft rocks. Index tests were performed according to the British Standards 

Institution (1998) in order to characterise the soft rocks, although it should be noted 

that they were designed to measure the index properties of a soil, rather than a 

cemented soft rock. 
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In 1990, Burland proposed a method of reconstitution that has been widely accepted 

in the geotechnical engineering field over the years. This method has been primarily 

designed for structured clays and consists of breaking down the material and mixing it 

with water, such that a water content between 1 and 1.5 (preferably 1.25) times the 

liquid limit (LL) is obtained. Subsequently, the material is consolidated, often under 

one-dimensional conditions. 

Uncertainties may arise already during the phase of particle associations break-down 

in the case of natural soils since different techniques have been proposed by 

researchers to achieve this condition, due to the lack of any specific indication by 

Burland (1990). This is even more challenging in the case of soft rocks since removing 

cementation among particles could possibly change the nature of the particles 

themselves and affect the mechanical characteristics of the material (Coop and 

Atkinson, 1993). Fearon and Coop (2000) show the effect on the mechanical response 

of three different preparation methods (i.e. standard, reconstituted and minced) to 

create reconstituted samples of a scaly clay from the Southern Italian Apennines. The 

standard and reconstituted methods consist of cutting the material into small pieces 

and let it swell overnight (following two different procedures for this step). After this, 

the material is mixed by hand in the case of the standard method, or by a mechanical 

mixer, in the case of the reconstituted method. In both cases, SEM images show that 

a homogeneous macro-fabric is obtained with both methods, while the distinct micro-

fabric of clay particle aggregates remained intact. On the contrary, the micro-fabric may 

be broken down when using a high-energy method for reconstitution, as the minced 

procedure. In this case, the soil is initially remoulded using an industrial food mincer 

(Atkinson et al., 2003), then it is swelled in distilled water and mixed mechanically to 

create a homogeneous slurry. The results show that, in this case, disaggregating the 

soil microstructure causes the normal compression line to shift to the right. This may 

be interpreted as the minced soil existing in the structure permitted space (Leroueil and 

Vaughan, 1990), i.e. in states outside the state boundary surface of the reconstituted 

soil created with one of the two low-energy methods. This is the opposite of what is 
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expected from a reconstitution process, showing the importance of using the most 

suitable procedure to create a reference material. 

In the case of soft rocks, SEM images reveal that they may partially consist of extremely 

small particles, locked together in agglomerations, or be characterised by strong 

cementitious bonds, that may require higher energy to create the corresponding 

reconstituted material. The efficiency of the process to completely disaggregate the 

material into individual particles may influence the results. In fact, when breaking the 

bonds, it should be considered that there is a potential risk of breakage of the particles 

themselves, resulting in an altered material that may be significantly different in terms 

of its grading and engineering properties. 

Additionally, in carbonate-rich soft rocks, as in the case of the Maltese soft rocks, SEM 

images at different magnification scales show that the very small particles 

characterising the samples may consist of skeletal micro-organisms. Several intact or 

partially intact coccoliths and Globigerinids have been identified, which could potentially 

be destroyed during a mechanical disaggregation procedure. This would increase the 

clay-sized fraction of the test specimens with fragments of microorganism shells. Other 

authors have encountered similar difficulties, e.g. during the testing of Mercia Mudstone 

(Chandler and Forster, 2001), but there still appears to be no standard procedure for 

disaggregating stiff materials. To minimise the possibility of particle crushing, Mifsud 

(2019) applied erosion with water to break down the material. 

Other uncertainties may arise in the process of mixing with water. In the case of soft 

rocks, the recommended water content of 1.5x LL may be not enough and the material 

could be unworkable, as in the case of the Mrieħel soft rocks, for which soaking and 

mixing with amounts of water that were much higher than those recommended by 

Burland (1990) were used. This implies that the initial void ratios for all three 

reconstituted samples (C1, B1, C2) are quite high, as it will be shown in paragraph 

8.5.1. 

Soft rocks may also exhibit bioturbation, often associated with the formation of 

heterogeneity within test specimens, in the form of anomalous inclusions within a 

matrix that is possibly of different grading. In some cases, the bioturbated zones are 
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small enough and the test specimen can still be assumed uniform and homogeneous 

for calculation purposes, or they can be avoided while creating the small specimens. 

In other cases, bioturbated zones could not be avoided, meaning that the process to 

create the reconstituted material should have the additional purpose of removing the 

effects of such inclusions. Bioturbated zones may also affect the behaviour of the 

natural material. They are often difficult to avoid, since their presence is completely 

irregular over the relatively small size of a block sample. 

These difficulties and uncertainties need to be taken into account both when interpreting 

the experimental behaviour and when determining and calibrating the constitutive model 

parameters. 

8.4 Index tests and microstructural analysis 

Several sampling points were considered along a borehole at Site 1 (Figure 8-7), 

including the two locations where undisturbed samples, C1 and B1, were taken for 

other laboratory tests such as triaxial and oedometer tests. Another undisturbed 

sample, C2, was extracted at Site 2 at a similar depth as C1 with respect to the fossil-

rich layer, although the two sites, separated by a distance of about 615 m, have a 

different mean sea level elevation, i.e. 40 m for Site 1 and 38.9 m for Site 2. 

For each sampling point, the particle size distribution curve was determined by wet 

sieving, followed by sedimentation. Due to the similarities between the soft rocks from 

Mrieħel and others as for example Chalk and Corinth marl, Mifsud (2019) showed the 

PSD test results together with a range of typical envelopes of these other two soft rocks 

(Figure 8-8). Also the particle size distribution curves characterising the two subtypes 

of soft calcareous mudstone from Abu Dhabi, described in paragraph 6.4.3, have been 

represented. 

The results show that the soft rocks from Mrieħel consists of very fine particles, with a 

size mostly less than 0.04 mm and with a clay-sized fraction (<0.002 mm) that is 

considerably higher for the weathered profile. 

The thick dashed lines correspond to the PSD curve of the three main samples 

described earlier, i.e. C1, B1 and C2. The clay-sized fraction is 25% for C1, 44% for B1 

and 37% for C2. The average PSD curve relative to the Type A material from Abu Dhabi 
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has a clay-sized fraction comparable to C1, while Type B is comparable to C2, although 

for particles with a diameter larger than 0.005 mm, both subtypes have a PSD more 

similar to B1. 

The distribution of the particle size in C1 is close to that obtained for Corinth marl 

(Anagnostpoulos et al., 1991), while the envelope for Chalk seems to capture most of 

the Mrieħel and Abu Dhabi results, apart from the curves representing the more 

weathered Maltese material closer to the surface.  
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Figure 8-7 - Sampling points at Site 1 (Mifsud, 2019). 
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Figure 8-8 - Comparison of Particle Size Distributions of Mrieħel soft rocks, Corinth marl, Chalk and Abu Dhabi soft 

calcareous mudstone (Simpson, 2015, Mifsud, 2019). 

The thin dotted line refers to the PSD of the fossil-rich layer, characterised by particles 

of size between 0.001 and 1 mm, quite evenly distributed. 

The Dietrich-Fruhling calcimeter was used to measure the carbonate content, which is 

between 90.6% and 94.5% for the C2 samples, and between 77.2% and 94% for the 

C1 and B1 samples. The soft rocks below St. Marija Church (Site 2) are similar to pure 

chalk, whose carbonate content is between 96% and 98%, while the soft rocks at Site 

1 (C1 and B1) have a carbonate content more similar to Corinth marl (72-77%) 

(Anagnostpoulos et al., 1991) and Chalk with clay impurities, which are responsible for 

lowering the carbonate percentage (Lord et al., 2002). According to these 

measurements and considering the classification system for Marls proposed by Fookes 

and Higginbottom (1975), modified after Pettijohn (1949), the soft rocks at Mrieħel can 

be classified as Marly Limestones (all of them) or Limey Marlstones (C1 and B1). 

The mineralogy of the soft rocks at Mrieħel was studied for the first time by Mifsud 

(2019). Firstly, the specimens were dissolved in hydrochloric acid to remove the 

carbonate fraction. As a confirmation of what was determined with the calcimeter, the 

carbonate content of the three samples, measured as the dissolved fraction, is 93.33% 

for C1, 87.35% for B1 and 93-84% for C2. Secondly, the insoluble fraction was 
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subjected to a sedimentation process to separate the clay-sized fraction (<0.002mm), 

subsequently tested using the X-Ray Diffractometry technique (XRD). The tested 

fraction consists mostly of active clay minerals, such as smectites, illites and 

muscovites. The calculation of the percentage of the clay minerals with respect to the 

total, shows that smectite is the predominant clay mineral in all cases but the highest 

percentage can be seen in C2 (Table 8-1). The remaining part consists of very small 

percentages of quartz, feldspars and plagioclases. Haematite and Goethite are usually 

associated with weathering processes, although in this case they are present in C1 and 

C2, while not in the weathered B1. Furthermore, each specimen is characterised by a 

percentage of material, with respect to the total mass, that is left unclassified (3.65% 

for C1, 7.72% for B1 and 2.31% for C2). 

Compared to the Mrieħel samples, Corinth marl is characterised by larger quantities of 

quartz and feldspars, while extremely low percentages of illites and smectites are 

registered (Anagnostpoulos et al., 1991). 

Clay mineral C1 B1 C2  

Smectites 67.48% 77.36% 90.82% 

Illite-muscovites 32.52% 22.64% 9.18% 

Table 8-1 - Distribution of the two different clay minerals as a percentage of total clay minerals (Mifsud, 2019). 

The mineralogic composition of the Maltese soft rock is very different compared to the 

soft calcareous mudstone from Abu Dhabi, as discussed in paragraph 6.4.1. In that 

case, Dolomite is the prevailing mineral, while no Calcite is found and Palygorskite 

characterises the clay fraction. 

The microstructural analysis was carried out using the Scanning Electron Microscope 

(SEM) at different degrees of magnification from 1000x to 20000x, since a large 

percentage of the particles is smaller than 0.002 mm. 

All the specimens exhibit a large degree of contact between individual particles, and, at 

low magnification, the materials look mostly like a homogeneous mass, as in the case 

of Figure 8-9 relative to C1. 
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Figure 8-9 - Natural specimen C1 at 1000x magnification (Mifsud, 2019). 

At higher magnification, some intact coccoliths and particle agglomerations are clearly 

identifiable (Figure 8-10). The particles seem packed tightly together. 

 

Figure 8-10 - Natural specimen C1 at 5000x magnification (Mifsud, 2019). 

Finally, at the highest magnification of 20000x, it is possible to observe the nature of 

the clay-sized particles. Particles smaller than 0.002 mm may consist of fragments of 
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coccoliths or calcite, or true clay particles, when they appear as sheet or plate-shaped 

particles. Figure 8-11, Figure 8-12 and Figure 8-13 show that all specimens contain 

clay particles, but they characterise a larger part of specimen B1, with respect to C1 

and C2. 

 

Figure 8-11 - Natural specimen C1 at 20000x magnification (Mifsud, 2019). 

 

Figure 8-12 - Natural specimen B1 at 20000x magnification (Mifsud, 2019). 
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Figure 8-13 - Natural specimen C2 at 20000x magnification (Mifsud, 2019). 

Standard index tests were carried out on both disturbed and undisturbed samples 

retrieved from the same Site 1 profile based on which the PSD curves were obtained, 

and from the trial pit samples at Site 2. 

As observed in the XRD analysis and with the calcimeter test results, all specimens are 

very rich in carbonate content, and characterised by a specific gravity that is close to 

the one of pure calcium carbonate, i.e. 2.70 Mg/m
3

 (Fjaer et al., 2008). The scatter of 

results, varying between 2.67 Mg/m
3

 and 2.72 Mg/m
3

, may be due to the presence of 

impurities, as already observed in the case of Chalk, Corinth marl and the soft 

calcareous mudstone from Abu Dhabi (paragraph 6.5.2). In the last case, Dolomite is 

the dominating mineral with a particle density of 2.87 Mg/m
3

, higher than pure calcium 

carbonate. The presence of Palygorskite and other minerals with low particle densities 

is responsible for an average of 2.73 Mg/m
3

 and 2.63 Mg/m
3

, for Type A and Type B, 

respectively. 

Liquid limit and plasticity index are seen to increase with depth, reaching the peak at 

the interface between zone B and C (Figure 8-14), and then decreasing, with minimum 

values registered for C1 and C2, very similar to the ones of Corinth marl 

(Anagnostpoulos et al., 1991). Chalk is characterised by comparable liquid limit and 
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plasticity index (Lord et al., 2002) as the whole zone C. Type A of the Abu Dhabi soft 

rocks is characterised by an average LL of 40% and PI of 16.7%, while Type B has an 

average LL of 52.9% and PI of 25.2%. 

 

Figure 8-14 - Profile of Liquid Limit and Plasticity index for the soft rocks in Mrieħel, compared with Chalks and 

Corinth marl (Mifsud, 2019). 

Plotting the results in the Casagrande A-Line chart (Figure 8-15), it can be observed 

that most of the Chalk (Clayton, 1983), Corinth marl, and specimens C1 and C2 can 

be classified as clays of low plasticity, while samples belonging to zone B and, in 

particular, B1, are classified as clay of high plasticity. This may indicate that the material 

belonging to zone B is significantly different from that of zone A and C, due to the 

presence of clay minerals. Different from these materials, the soft calcareous mudstone 

from Abu Dhabi is mostly characterised by intermediate plasticity (Figure 6-10) with 

normal activity index. 
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The activity index is defined as the ratio of the plasticity index over the clay fraction. It 

is important to distinguish between clay-sized particles and true clay particles. The 

Particle Size Distribution test showed that these soft rocks include a large percentage 

of clay-sized particles (smaller than 0.002 mm) (Figure 8-8), but the X-Ray Diffraction 

analysis proved that they are not all clay minerals. A large part of the clay-sized particles 

consists of calcium carbonate, but the presence of smectite, although minimal, gives 

high activity indices such that, the activity classification of these materials goes from 

‘inactive’ (zone A and C) to ‘normal’ (zone B). 

The bulk and dry unit weight, the porosity and the void ratio of the specimens from the 

Mrieħel profile are presented in Table 8-2, together with a summary of all the other 

properties discussed above and compared to Chalk, Corinth marl and Abu Dhabi soft 

rocks. The relatively low void ratios are an indication of the cemented or compacted 

nature of these materials. 

 

Figure 8-15 - Classification according to Casagrande A-Line chart (Mifsud, 2019). 

The material, classified as marly limestone or limey marlstone (Fookes and 

Higginbottom, 1975), is characterised by a near-uniform matrix of clay-sized particles 

that can only be identified using powerful electron microscopes. Therefore, the term 
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‘cryptocrystalline’ (Bosellini et al., 1989) is added to the classification name, meaning 

that the material object of this study can be classified as cryptocrystalline marly 

limestones. 

Properties C1 B1 C2 Chalk Corinth 

marl 

Type A Type B 

In-situ elevation (m) 40 40 38.9 - - - - 

Sample elevation (m) 31 34.85 36 - - - - 

Vertical effective stress 

(kPa) 

180 103 58 - - - - 

Assumed 

preconsolidation stress 

(kPa) 

2440 2363 2340 - - - - 

OCR 13.6 22.9 40.3 - - - - 

Bulk density (Mg/m
3
) 2.2 2.04 2.14  - 2.02 2.01 

Dry density (Mg/m
3
) 1.93 1.71 1.79  - 1.69 1.68 

Specific gravity (Mg/m
3
) 2.70 2.72 2.68 2.70 2.72 2.73 2.63 

In-situ void ratio (-) 0.38 0.58 0.44 0.1-1.1 0.55-

0.6 

0.59-

0.60 

0.60-

0.61 

Porosity (%) 27.54 36.71 30.55 - - 37.4 37.8 

Liquid limit (%) 27.41 49.27 33.5 19-52 25-37 40.4 52.9 

Plasticity index (%) 8.87 40.34 14 6-50 5-11.5 16.7 25.2 

Clay-sized fraction (%) 30 42 35.42 20-68 13-24 9 30 

Clay minerals (%) 2.01 3.6 3.34 - 2.5-8 4.5-9.2 10.4-

23 

Activity index (-) 0.29 0.96 0.39 0.3-1.8 0.3-

0.65 

0.82-

0.85 

0.83-

0.87 

Carbonate content (%) 94 77 90-

94.54 

45-100 73 - - 

Table 8-2 - Summary of index properties and mineralogy for Mrieħel samples, Chalk, Corinth marl, Type A and Type 

B of the soft calcareous mudstone from Abu Dhabi. 

8.5 Macrostructural analysis 

One-dimensional compression, isotropic compression and shear tests were carried out 

on both reconstituted and intact natural samples. Additionally, a few Brazilian tests have 

been performed to measure the tensile strength of the natural samples, while the 
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unconfined compression tests have given a highly variable strength result, ranging from 

about 2 MPa up to 20 MPa. 

Results obtained from reconstituted specimens of a natural soil provide a means of 

comparison of the same intact natural material, such that the difference between the 

two may be attributed to structure. Experimental investigations are always 

characterised by a certain degree of uncertainty, due to potential measurement errors, 

results interpretation and, as in this case, also specimen preparation. As explained in 

paragraph 8.3, creating a reconstituted material from a soft rock, using standard 

procedures, poses several challenges. 

In order to make a rigorous comparison between structured (natural) and destructured 

(intrinsic) soil/rock, the preparation of the reconstituted specimen must ensure that all 

particle agglomerations are completely broken down (Fearon and Coop, 2000), any 

existing shear planes or zones of particle re-orientation are removed, and any 

anomalous macro-voids are destroyed. This procedure should give a more 

homogeneous agglomeration of constituent particles, similar to the original sediment 

(or slurry) that existed before stress history (compaction, consolidation, erosion) 

created some “structure” in the material. 

In the following sections, the results obtained from the reconstituted and natural 

material will be shown and they will be interpreted considering the difficulties related to 

the specimen preparations and to the testing procedures. 

8.5.1 One-dimensional compression on reconstituted samples 

The reconstituted specimen cakes of the three materials, C1, B1 and C2, were initially 

placed in a consolidometer and then used to create specimens for the oedometer 

apparatus to perform tests at standard (OED) and high pressure (HP oedometer). 

The results are shown in the semi-logarithmic plane (e, log v) (Figure 8-16), together 

with the test results on the reconstituted Corinth marl (Kavvadas et al., 2002). 
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Figure 8-16 - One-dimensional compression results (consolidometer, oedometer and high-pressure oedometer) on 

the three reconstituted samples (Mifsud, 2019), compared to the oedometer test on the reconstituted Corinth marl 

(Kavvadas et al., 2002). 
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The three slurries from Malta are characterised by a quite high value of the initial void 

ratio, especially in the case of B1, as shown in Table 8-3. These values are also very 

high compared to the corresponding measured in-situ void ratios. 

Void ratio C1 B1 C2  

Initial slurry 1.404 2.626 1.457 

Slurry at v = 5 kPa 1.03 2.07 1.16 

In-situ 0.389 0.52 0.47 

Table 8-3 - Initial void ratios of the three reconstituted specimens, compared with the in-situ void ratio. 

Figure 8-16 shows that the consolidometer results of all three slurries correspond to 

straight lines that have lower and similar gradients in the case of C1 and C2 (more 

competent rock), compared to B1. The highest compression index characterises the 

more plastic B1 specimen in all one-dimensional compression tests, while C1 and C2, 

although less compressible than B1, have a higher compression index when compared 

to the reconstituted Corinth marl specimen. 

It should be noted that there is a difference between the final void ratio measured at the 

end of the consolidometer compression and the initial void ratio measured in the 

oedometer apparatus, especially in the case of B1 and C2. Several reasons could 

explain this discrepancy. One could be the uneven distribution of water content and the 

longer time interval that occurred between the two tests, possibly causing desaturation 

and further compression of the material. In fact, in the case of C1, the oedometer test 

was executed shortly after the extraction from the consolidometer and the void ratio 

measured at the beginning of the oedometer test lies on the single compression line 

that represents the results of both the consolidometer and the oedometer test.  

Another reason could be related to the presence of bioturbated zones whose effects 

should have been removed during the process of reconstitution but, as explained in 

paragraph 8.3, the creation of a perfectly homogeneous slurry is a challenging task, 

and this is especially the case when dealing with carbonate soft rocks as in this study. 

Thus, it should be considered that the consolidometer compression curves refer to the 

entire sample, while the oedometer data derive from the void ratio measurement on a 

small portion of the consolidometer cake. 
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During the oedometer tests, some unloading and reloading phases were performed, 

which allow to determine the swelling index for each material. While C1 and C2 are very 

rigid, with near-horizontal swelling lines as in the case of Corinth marl and the carbonate 

sand showed by Coop (1990) (paragraph 2.1.2), the swelling capacity of B1 is higher, 

possibly due to the higher content of clay particles. 

Based on all one-dimensional compression tests results, an Intrinsic Compression Line 

(ICL) can be determined for each sample, as showed by Burland (1990) in the case of 

reconstituted clays. 

In the case of C1, the ICL seems to follow very well the measured data, except for the 

first and last loading increments (Figure 8-17). The latter may be explained with the 

onset of particle crushing, although more investigations would be necessary to confirm 

this.  

 

Figure 8-17 - ICL for one-dimensional compression tests on the C1 reconstituted samples (Mifsud, 2019). 

The ICL describing the behaviour of B1 follows quite well the experimental data, even 

at the highest stress increment (Figure 8-18). 
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Figure 8-18 - ICL for one-dimensional compression tests on the B1 reconstituted samples (Mifsud, 2019). 
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The ICL has been drawn considering that the difference in void ratios at the end of the 

consolidometer test and at the beginning of the oedometer test may be a consequence 

of the test conditions, so the first measurements from the oedometer test do not lie on 

the ICL. 

This is the case also for C2, where a unique line is drawn, approximating the gap 

between the consolidometer and oedometer data, between 300 kPa and 4000 kPa 

(Figure 8-19). 

 

Figure 8-19 - ICL for one-dimensional compression tests on C2 the reconstituted samples (Mifsud, 2019). 

In all three cases it should be noted that the in-situ void ratio (Table 8-3) is reached in 

the high-pressure oedometer at a vertical effective stress that is much higher than the 

estimated maximum overburden pressure for each sample. This means that the natural 
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state of the material is not reached by simple compaction and consolidation only, but 

other processes were involved (as discussed in Chapter 2). 

In Figure 8-17, Figure 8-18 and Figure 8-19, two crosses indicate the values of 𝑒100
∗

 

and 𝑒1000
∗

, used for the calculation of the void index Iv, together with the resulting 

compression index Cc* and the swelling index Cs* (Table 8-4). These values are 

compared with the ones characterising Corinth marl and the Type A soft rock from Abu 

Dhabi, while no test results are available for Type B. 

Although characterised by a lower void ratio, C1 exhibits similar compression and 

swelling indexes compared to the Type A soft rock. C2 shows a higher compressibility, 

and this is even higher for B1, while the swelling index characterising C2 is comparable 

to B1. On the contrary, Corinth marl shows the lowest compression index while the 

swelling index is closer to the one of B1 than the others. 

Void ratio C1 B1 C2  Corinth marl Abu Dhabi - A 

𝑒100
∗

 0.773 1.300 0.865 0.670 1.100 

𝑒1000
∗

 0.585 0.830 0.628 0.520 0.913 

Cc* 0.188 0.470 0.238 0.150 0.187 

Cs* 0.007 0.020 0.005 0.016 0.009 

Table 8-4 - Void ratios for the ICL normalisation according to Burland (1990), compression and swelling index for 

the Maltese soft rocks, Corinth marl and Type A soft rock from Abu Dhabi. 

The normalised curves are shown in Figure 8-20, together with the Sedimentation 

Compression Line (SCL) and the Intrinsic Compression Line (ICL) for clays (Burland, 

1990), the latter calculated according to the empirical equation: 

 𝐼𝑣 = 2.45 − 1.285 log 𝜎𝑣
 + 0.015(log 𝜎𝑣

 )3 8-1 

Generally, there is very good agreement between the measured data and the ICL. The 

closest fit is obtained in the case of specimen B1, even at high pressure, where the 

intrinsic compression line bends upwards in a similar manner as the end part of the ICL 

defined by the above equation. The good agreement between the ICL obtained for clays 

and the normalised curve of B1 may be due to the higher clay content of B1, that makes 

it a highly plastic material with a plasticity index between 24.5% and 40%. The upward 

curvature of the ICL and of specimen B1 suggests that these materials may approach 



 

430 

 

high stiffness at high pressures, with a horizontal asymptote that defines the minimum 

void ratio that can be reached. 

Contrary to B1, the normalised curves of C1 and C2 diverge downwards from the ICL 

at high pressure. These two materials, both of low plasticity (8.87% for C1 and 14% 

for C2), reach a lower void ratio with respect to B1, at the same pressure. 

 

Figure 8-20 - Normalised ICLs for all specimens, compared to ICL and SCL determined by Burland (1990) 

(Mifsud, 2019). 

SEM images analysed in the previous paragraph (Figure 8-11 and Figure 8-13) show 

that both C1 and C2 contain particles that are smaller than the typical particle size of a 
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clay (i.e. 0.002 mm), and that they do not have a plate-like shape, as in the case of B1, 

where they actually consist of clay minerals (Figure 8-12). 

In the case of C1 and C2, the very small particles may be shells or fragments of shells 

of micro-organisms, with a rounded or polygonal shape. In this case, densification 

occurs more likely by particle interlock rather than by stacking into bookhouse domains, 

and further densification may occur due to particle breakage. The distinction between 

clay-sized and clay-like particles is of fundamental importance as it seems that the ICL 

of Burland (1990) may not represent an accurate idealization of the compression 

response of C1 and C2 materials at very high pressures. 

SEM images have been taken on reconstituted samples at a 5000x magnification, after 

having compressed the specimen up to 356 kPa (end of the consolidometer test) and 

37900 kPa (end of the high-pressure oedometer test). They allow to explain the 

behaviour of the three different reconstituted materials during a one-dimensional 

compression test, also from the micro-structural point of view. 

In the case of C1, Figure 8-21 shows that intact coccoliths can be clearly observed at 

the end of the consolidometer test while they are very scarce at the end of the high-

pressure oedometer test (Figure 8-22). In the first case, the particles appear to be 

bigger. Although this would need to be proved with additional tests, as for example by 

measuring the particle size distribution at the end of the HP-oedometer test, it seems 

that the absence of intact coccoliths may be caused by the crushing of shells. This 

results in small fragments which the small particles could consist of, as observed in 

Figure 8-22, and it may also explain why C1 exhibited a rapid change of compressibility 

at very high pressures. 
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Figure 8-21 - Reconstituted specimen C1 compressed to 356 kPa, at 5000x magnification (Mifsud, 2019). 

 

Figure 8-22 - Reconstituted specimen C1 compressed to 37900 kPa, at 5000x magnification (Mifsud, 2019). 
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Figure 8-23 is taken on a reconstituted B1 sample, at the end of the test in the 

consolidometer, showing larger void ratios compared to the more compact and denser 

specimen configuration, which can be seen in Figure 8-24, at the end of the HP-

oedometer test. 

All SEM images were produced after carefully orienting the specimens in the 

microscope, with the loading direction from top to bottom. It can be observed that at 

high pressures, the clay particles with plate-like shapes seem to have developed some 

degree of sub-horizontal orientation. 

Finally, Figure 8-25 and Figure 8-26 are taken from C2 specimen. At the end of the 

consolidometer test, larger voids can be distinguished but they seem to have reduced, 

creating a more uniform matrix, after the high-pressure oedometer. Intact coccoliths 

can be observed in both cases, while there is no evidence of any form of particle 

orientation in this specimen. 

 

 

Figure 8-23 - Reconstituted specimen B1 compressed to 356 kPa, at 5000x magnification (Mifsud, 2019). 
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Figure 8-24 - Reconstituted specimen B1 compressed to 37900 kPa, at 5000x magnification (Mifsud, 2019). 

 

Figure 8-25 - Reconstituted specimen C2 compressed to 356 kPa, at 5000x magnification (Mifsud, 2019). 
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Figure 8-26 - Reconstituted specimen C2 compressed to 37900 kPa, at 5000x magnification (Mifsud, 2019). 

8.5.2 Triaxial tests on reconstituted specimens 

For each of the three reconstituted materials, two specimens have been isotropically 

compressed to about 700 kPa and 1400 kPa. After this, they have been sheared in 

undrained conditions. 

In the case of both B1 and C2, one sample has been sheared starting from a mean 

pressure of about 2300 kPa, while one sample belonging to C1, has been sheared 

starting from an overconsolidation ratio of 4. This means that in all cases except from 

one, the material is normally consolidated since no unloading is performed prior to 

shearing. Instead, the overconsolidated C1 specimen was first consolidated to a cell 

pressure of 1400 kPa and then unloaded to 350 kPa, resulting in an OCR of 4. 

Most specimens reached a stage of near-constant deviatoric stress towards the end of 

the test, meaning that the material was “close to” or “at” critical state. This happened 

after the specimens barrelled. As the applied axial strain increased, all reconstituted 

specimens started developing strain localisation, causing a minor increase in pore 
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pressure and a reversal of the stress path direction. As will be shown in the next 

paragraph, the identification of a precise critical state point for these specimens is not 

straightforward. 

Table 8-5 shows a summary of the tests performed. 

Test identification Material Cell pressure (kPa) 

C1R-U-700 C1 715 

C1R-U-1400 C1 1400 

C1R-U-350 (OCR 4) C1 350 

B1R-U-700 B1 700 

B1R-U-1400 B1 1400 

B1R-U-2300 B1 2224 

C2R-U-700 C2 700 

C2R-U-1400 C2 1400 

C2R-U-2300 C2 2225 

Table 8-5 - Summary of triaxial tests performed on the reconstituted Mrieħel samples. 

For all three specimens, a chart representing the flow rule has been created. To 

determine the plastic portion of the total strain, the elastic part has been subtracted 

from it. The elastic deviatoric strain has been calculated as the ratio of the deviatoric 

stress over three times the shear stiffness, whose value will be given later for each 

case. Plastic volumetric strains have been assumed equal and opposite to the elastic 

volumetric strains, such that the total volumetric strain would be zero, as imposed by 

the undrained condition of the test. The elastic volumetric strains have been calculated 

based on the initial void ratio and a value of the swelling line *, different for each 

material. 

8.5.2.1 Triaxial tests on the reconstituted specimens C1  

The isotropic compression lines and the undrained shear paths of the triaxial tests 

performed on C1 reconstituted specimens are shown in Figure 8-27. 

The void ratios at the beginning of each triaxial test are summarised in Table 8-6, 

together with the initial void ratio measured at the beginning of the high-pressure 

oedometer test and the date of measurement. 
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Test e0 Starting date 

C1R-U-700 0.72 06/03/2019 

C1R-U-1400 0.74 18/03/2019 

C1R-U-350 (OCR 4) 0.67 08/07/2019 

C1R-HP-OED 0.68 05/03/2019 

Table 8-6 - Initial void ratios at the beginning of isotropic compression and one-dimensional compression on the C1 

reconstituted specimens. 

 

Figure 8-27 - Isotropic compression and undrained shear paths of TX tests on the C1 reconstituted specimens 

(Mifsud, 2019). 

While the tests C1R-U-700 and C1R-U-1400 have been performed almost at the same 

time, the test on the overconsolidated sample has been executed several months later, 

during which compression and consolidation may have occurred, leading to a lower 

value of e0. Furthermore, the isotropic compression line of the test C1R-U-350 seems 

to follow a recompression line until a consolidation pressure is reached, due to a failure 

in the backpressure system. Then, it joins the normal compression line, parallel to the 

ones of the other two specimens. 

It can also be observed that the high-pressure oedometer test was performed at the 

same time as the normally consolidated triaxial tests, but it is characterised by a lower 

initial void ratio, closer to the value measured for C1R-U-350. This may indicate that 
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the void ratio may have not been perfectly uniform in the reconstituted sample, although 

the specimens were prepared from the same reconstituted cake sample. The presence 

of bioturbated zones added some difficulties to the already challenging process of 

reconstitution (paragraph 8.3) and may have led to an initial scatter in the void ratios 

and, consequently to different isotropic compression lines. 

The three INCLs do not converge within the range of confining pressures reached in 

these experiments, but they are defined by a very similar gradient in the (e, ln p) plane. 

Similar behaviour has been observed by other authors on materials like well-graded and 

gap-graded sands and silts (Altuhafi and Coop, 2011; Shipton and Coop, 2015; 

Georgiannou et al., 2018), although it does not seem to be characteristic of a specific 

grading or mixture of particle mineralogy (Shipton and Coop, 2012). 

Figure 8-27 also shows the K0NCL line obtained as a result of the one-dimensional 

compression test and discussed in paragraph 8.5.1. It has been transformed in the (e, 

ln p) plane, using a constant value of K0 calculated according to Jaky’s formula (Jaky, 

1944): 

 𝐾0 = 1 − sin𝜑
 8-2 

The friction angle 𝜑′ is assumed equal to 33.3° (as it will be discussed later), giving a 

coefficient K0 equal to 0.451.  

The three INCLs are not parallel to the transformed K0NCL line, but they are 

characterised by a slightly lower compression index. The INCL is of fundamental 

importance to calculate the equivalent pressure for normalising the results, and it 

should be unique. For this reason, it has been taken parallel to the K0NCL line and 

passing from the point consolidated up to 1400 kPa, such that it is located on the right 

of the K0NCL line, in agreement with the critical state framework. Similar observations 

have been made in the case of the reconstituted specimens B1 and C2 during isotropic 

compression, as it will be seen in the following paragraphs. 

The critical state line (CSL) is represented as a curve passing through the phase 

transformation points identified in the (q, p) plane (Figure 8-28). In the (𝑒, ln 𝑝) plane, 

the CSL seems parallel to the INCLs of the three individual tests (Figure 8-27), with a 

gradient equal to 0.06, lower than the one of the K0NCL. 
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The stress paths of the three undrained triaxial tests on reconstituted specimens of C1 

are shown in Figure 8-28. The two specimens normally consolidated to a mean 

pressure of 700 kPa and 1400 kPa seem to follow a section of the Roscoe surface until 

the mean pressure stops decreasing and gradually increases again, changing the stress 

path direction towards the right-hand side and the maximum deviatoric stress. This 

creates a ‘knee’ in the stress path represented in the (q, p) plane. 

 

Figure 8-28 - Stress paths of the triaxial undrained tests on the C1 reconstituted samples (Mifsud, 2019). 

After reaching the peak deviatoric stress, the stress path reverses again: both mean 

pressure and deviatoric stress decreases but they keep a near-constant stress ratio, 

q/p. This phenomenon is very often observed in sands and silts (Coop, 1990; Nocilla 

et al., 2006) and is known as “phase transformation” (discussed in paragraph 2.1.2 

and 2.1.3). 

In the Mrieħel reconstituted specimens, this has been observed for normally 

consolidated samples, after the specimens have assumed a barrelled shape, but before 

strain localisation takes place. 
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The test C1R-U-350 follows a stress path to the right, as expected from an 

overconsolidated sample, and experiences a stress path reversal as strain localisation 

takes place and slip planes are formed within the specimen. This has prevented the 

specimen to reach a higher deviatoric stress. 

The stress-strain behaviour is represented in Figure 8-29. 

For all three specimens, the behaviour is initially quite stiff and linear, followed by a 

marked drop in stiffness. This point is indicated with a cross and with the name “yield” 

although it does not mean that it represents the actual boundary of the truly elastic 

domain. It is the author’s belief that, since the specimens are reconstituted and 

compressed up to a certain mean pressure, it is likely that the response is elasto-plastic 

from the beginning. This initial stiff response seems to be a common feature of 

reconstituted silty sands (Wood et al., 2008) and has also been observed in triaxial 

tests on reconstituted Corinth marl (Georgiannou et al., 2018), and on chalk slurries 

(Razoaki, 2000). The shear stiffness measured along this initial linear portion of the 

stress-strain curve, is equal to about 25.5 MPa and 48.9 MPa for C1R-U-700 and C1R-

U-1400, respectively. 

 

Figure 8-29 - Stress-strain response of the triaxial undrained tests on the C1 reconstituted samples (Mifsud, 2019). 
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The excess pore pressures are positive and increase with increasing deviatoric strains, 

in the case of the normally consolidated specimens (Figure 8-30), while the 

overconsolidated specimen shows a minor increase in pore pressure until the “yield” 

point, after which the excess pore pressures decrease, showing dilative behaviour. The 

behaviour observed in the test C1R-U-350 is consistent with the relatively high 

overconsolidation ratio of the specimen, which puts it on the dry side of critical state. 

The maximum deviatoric stress reached in the tests is indicated by the small triangles 

on both Figure 8-29 and Figure 8-30. In the case of the normally consolidated 

specimens, qpeak coincides with the end of the pore pressure drop following phase 

transformation. After reaching the peak deviatoric stress, distinct slip surfaces develop 

within the specimen. The readings taken during strain localisation may not be fully 

representative since they are averaged over the entire specimen while it may contain 

several zones with and without shear planes. This should be taken into account in the 

interpretation of the results. 

 

Figure 8-30 - Excess pore pressure development during triaxial undrained tests on the C1 reconstituted samples 

(Mifsud, 2019). 

In all the charts describing the behaviour of the C1 reconstituted samples, the phase 

transformation point is indicated with a circular marker for each normally consolidated 
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specimen. Both C1R-U-700 and C1R-U-1400 show a contractant behaviour and a 

barrelled shape up to phase transformation, after which the pore pressures reach a 

maximum value and then start decreasing slowly. The specimen behaviour becomes 

dilative and strain localisation occurs. Such dilation may justify the stress path reversal 

after phase transformation. The dilative process also appears to contribute to a further 

increase in strength, because the stress ratio continues to increase after phase 

transformation. Mifsud (2019) relates the phase transformation phenomenon to the 

onset of strain localization which leads to subsequent development of failure planes in 

the shear bands controlling the failure mechanism. 

In the case of the overconsolidated specimen, no phase transformation is observed. 

The stress-strain response is characterised by an initial high stiffness, equal to 33.9 

MPa, which decreases after the “yield” point, but remains higher than the stiffness 

characterising the normally consolidated specimens. The C1R-U-350 specimen 

developed distinct shear planes in a specific direction, together with a network of fine 

shear planes. 

Images of the specimens at the end of the undrained triaxial tests show the existence 

of clear shear bands (Figure 8-31). 

 

Figure 8-31 - C1 reconstituted specimens at the end of the triaxial test: a) C1R-U-700; b) C1R-U-1400; c) C1R-U-

350 (Mifsud, 2019). 
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The stress ratio is plotted in Figure 8-32. It shows a gradual increase until a maximum 

M value of 1.504, after which it remains rather constant. This value is reached at very 

large deviatoric strains, when distinct shear planes have formed due to strain 

localisation. As explained above, the readings in this stage may not represent the 

behaviour in the entire specimen and it is preferred to consider that the critical state 

condition is reached at phase transformation. This phenomenon occurs at lower 

deviatoric strains, and the corresponding stress ratio is equal to 1.34. 

As a matter of fact, at the onset of phase transformation, the mean pressure does not 

decrease further and is about to start increasing again, indicating a condition of zero 

mean pressure increment. The maximum pore pressure is reached immediately after 

surpassing this point, also characterised by zero incremental change. For this reason, 

the stress ratio at phase transformation can be used to represent a condition of constant 

volume, although temporary, but at least not influenced by the effects of strain 

localisation. 

 

Figure 8-32 - Stress ratio during triaxial undrained tests on the C1 reconstituted samples (Mifsud, 2019). 

The choice of using the phase transformation points to indicate the critical state line 

has been supported also by other researchers such as Nocilla et al. (2006) and Coop 
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(1990), in the case of sands and silts. Others (Razoaki, 2000; Georgiannou et al., 2018) 

have used the final stress ratio to determine the CSL, in the case of chalk and marls. 

This choice is supported by the chart representing the ratio of the plastic strain 

increments as a function of the stress ratio (Figure 8-33). Plastic deviatoric strains have 

been determined assuming a constant shear stiffness of 25.5 MPa for C1R-U-700, 

48.9 MPa for C1R-U-1400 and 33.9 MPa for C1R-U-350. To calculate the plastic 

volumetric strains, the value of * has been taken equal to 0.0026. 

According to Taylor’s dilation law (equation 8-3), the point of zero incremental strain 

ratio is similar for all reconstituted specimens and equal to Mcv, i.e. the stress ratio at 

the phase transformation. 

 𝑞

𝑝
= 𝑀 −

휀�̇�
𝑝

휀�̇�
𝑝 

8-3 

If the value of Mcv is considered equal to Mpt, i.e. 1.34, the angle of shearing resistance 

at constant volume, 𝜑′𝑐𝑣 is equal to 33.3°, given the following equation: 

 𝑀 =
6 sin𝜑

𝑐𝑣

3 − sin𝜑
𝑐𝑣

 
8-4 

Instead, the final value of M (i.e. Mfinal=1.504) corresponds to a friction angle of 36.4°.  

In both cases, the friction angle is quite high, confirming the non-clayey nature of this 

material. 
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Figure 8-33 - Dilatancy rule for the C1 reconstituted samples (Mifsud, 2019). 

8.5.2.2 Triaxial tests on the reconstituted specimens B1 

The isotropic compression lines and the undrained shear paths of the triaxial tests 

performed on B1 reconstituted specimens are shown in Figure 8-34. 

All specimens were sheared in undrained conditions starting from a normally 

consolidated state, unlike the C1 specimen. 

Test B1R-U-700 consists of a single isotropic compression stage, so no isotropic 

compression line can be drawn, while this is not the case for B1R-U-1400 and B1R-U-

2300. The experimental data of these two specimens allow to identify a unique INCL in 

the (e, ln p) plane, probably both because the initial void ratios are very similar (Table 

8-7) and because of the higher plasticity of B1 due to clay particles. Nocilla et al. (2006) 

observed similar behaviour in silts, where a unique INCL could be identified as the clay 

content increased. 
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Figure 8-34 - Isotropic compression and undrained shear paths of TX tests on the B1 reconstituted specimens 

(Mifsud, 2019). 

Test e0 Starting date 

B1R-U-700 1.05 04/05/2019 

B1R-U-1400 1.02 17/05/2019 

B1R-U-2300 1.05 08/07/2019 

Table 8-7 - Initial void ratios at the beginning of isotropic compression on B1 reconstituted specimens. 

As for C1, the critical state line is obtained connecting the phase transformation points, 

obtaining a line with a gradient of 0.126 and parallel to the INCL. The K0NCL line 

resulting from the one-dimensional compression tests (paragraph 8.5.1) is transformed 

in the (e, ln p) plane using the same procedure as for C1. The coefficient K0 is equal 

to 0.456, considering the friction angle that gives the stress ratio at phase 

transformation and that will be discussed later. As for C1, the K0NCL has a higher 

compression index compared to the experimental INCL, so the line to be used for 

normalisation is drawn parallel to the K0NCL and passing through the point that reached 

the maximum mean pressure (i.e. p = 2300 kPa). 

In Figure 8-35, all three specimens appear to follow sections of a distinct Roscoe 

surface, although specimen B1R-U-2300 experienced some disturbance during the 

shearing process, resulting in an irregular stress path. Unlike C1, B1 specimens do not 
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seem to be characterised by a well-defined phase transformation. It is still possible to 

observe a short portion of the stress path becoming vertical, meaning there is no 

increase of mean pressure. This coincides with the onset of strain localisation. In this 

case, after phase transformation, the deviatoric stress increases only slightly over a 

very large strain increment, while the pore pressures remain rather constant (differently 

from C1). After reaching the peak value, the deviatoric stress decreases, shear planes 

form and further contraction occurs, determining a new increase in pore pressure. 

The stress-strain behaviour and the evolution of the pore pressures can be seen in 

Figure 8-36 and Figure 8-37. 

 

Figure 8-35 - Stress paths of the triaxial undrained tests on the B1 reconstituted samples (Mifsud, 2019). 

Compared to C1, where phase transformation occurred at a deviatoric strain between 

2.5% and 3%, phase transformation in B1 specimens is identified at a deviatoric strain 

of 5.5% for B1R-U-700, 6% for B1R-U-1400 and 9% for B1R-U-2300. 

Also in this case, crosses indicate the points in which a change in stiffness is observed. 

The shear stiffness until “yield” is equal to about 14.1 MPa for B1R-U-700 and 37.7 
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MPa for B1R-U-1400 and B1R-U-2300. The fact that the last two specimens are 

characterised by the same stiffness may be due to the disturbance that occurred while 

performing the B1R-U-2300 test. 

 

Figure 8-36 - Stress-strain response of the triaxial undrained tests on the B1 reconstituted samples (Mifsud, 2019). 

 

Figure 8-37 - Excess pore pressure development during triaxial undrained tests on the B1 reconstituted samples 

(Mifsud, 2019). 
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The observation of the specimens at the end of the triaxial tests shows that barrelling 

occurred in each case and that a single well-defined shear band is clearly visible (Figure 

8-38). 

 

Figure 8-38 - B1 reconstituted specimens at the end of the triaxial test: a) B1R-U-700; b) B1R-U-1400; c) B1R-U-

2300 (Mifsud, 2019). 

Two lines are drawn together with the curves representing the stress ratio in Figure 

8-39: one represents the stress ratio at phase transformation, and it is equal to 1.327; 

the other one corresponds to the final value, equal to 1.424. In between, all specimens 

show a slight increase in stress ratio, but as in the case of C1, the value of M 

representing the condition of constant volume is considered equal to the stress ratio at 

phase transformation, after which strain localisation occurs. 

Both values of M are lower than the values characterising C1, probably due to the higher 

plasticity of B1.  

The friction angle corresponding to a stress ratio of 1.327 is 32.9° and, consequently, 

the value of K0 determined with Jaky’s formula is equal to 0.456. 

Figure 8-40 confirms that the point corresponding to zero incremental strain ratio is at 

1.327, i.e. M of phase transformation for all specimens. It should be noted that, after 

an initial scatter due to the initial very small strains, all curves describing the dilatancy 

rule seem to overlap, independent from the applied cell pressure prior to shearing. 
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Figure 8-39 - Stress ratio during triaxial undrained tests on the B1 reconstituted samples (Mifsud, 2019). 

 

Figure 8-40 - Dilatancy rule for the B1 reconstituted samples (Mifsud, 2019). 
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8.5.2.3 Triaxial tests on the reconstituted specimens C2 

The isotropic compression lines and the undrained shear paths of the triaxial tests 

performed on C2 reconstituted specimens are shown in Figure 8-41. As in the case of 

B1, all shear tests were performed starting from a normally consolidated condition. 

Therefore, C1R-U-350 was the only case of an overconsolidated reconstituted 

specimen tested in a triaxial apparatus. 

 

Figure 8-41 - Isotropic compression and undrained shear paths of TX tests on the C2 reconstituted specimens 

(Mifsud, 2019). 

All three specimens start from a different void ratio (Table 8-8), probably due to the 

difficulties in creating a perfectly uniform reconstituted cake from which the specimens 

for triaxial tests were extruded. 

Test e0 Starting date 

C2R-U-700 0.74 01/04/2019 

C2R-U-1400 0.64 22/04/2019 

C2R-U-2300 0.68 29/07/2019 

Table 8-8 - Initial void ratios at the beginning of isotropic compression on C2 reconstituted specimens. 

Apart from C2R-U-700, for which the isotropic compression line is not available, due 

to the single loading stage performed to reach a mean pressure of 700 kPa, the other 
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two tests show two different and rather parallel INCLs, probably because of the different 

initial void ratio. 

The critical state line passing through the phase transformation points (identified in 

Figure 8-42) is parallel to the experimental INCLs, with an inclination of 0.067 in the (e, 

ln p) plane. As in the other two cases, the isotropic compression line to be used for 

the stress path normalisation is obtained by drawing a line parallel to the K0NCL 

transformed in the (e, ln p) plane and passing from the point isotropically compressed 

up to 2300 kPa. 

The coefficient K0 used for the conversion is equal to 0.436, given the stress ratio at 

phase transformation. 

The stress path of the C2R-U-2300 test seems to represent a constant volume section 

of a Roscoe surface, while the other two do not seem to fully obey Rendulic’s principle 

(Gens, 1985) (Figure 8-42). 

In this case, as for C1, the stress paths stop decreasing and gradually increase, 

changing their direction. After reaching a peak deviatoric stress, the stress paths 

abruptly change direction again, keeping the same q/p ratio.  

The phase transformation point is reached at a shear strain that is slightly above 2% in 

specimens C2R-U-700 and C2R-U-1400, and at 4% in C2R-U-2300 (Figure 8-43). 

Beyond this phase transformation point, a slight decrease in pore pressure indicates 

the transition from contractant to dilatant behaviour (Figure 8-44), as observed in the 

case of C1, while the deviatoric stress continues to increase. 

After reaching a peak value, the deviatoric stress decreases again, as a consequence 

of the development of a clearly defined shear band (Figure 8-45). 

The stress-strain curves are characterised by a change in stiffness at very low shear 

strain (about 0.6%). Also in this case, the “yield” markers identify this point. The initial 

shear stiffnesses calculated based on the initial stiff response is 26.3 MPa, for C2R-U-

700, 65.8 MPa for C2R-U-1400 and 105.3 MPa for C2R-U-2300. These values are 

comparable with C1 and much higher with respect to B1, confirming the lower plasticity 

of the material. 
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Figure 8-42 - Stress paths of the triaxial undrained tests on the C2 reconstituted samples (Mifsud, 2019). 

 

Figure 8-43 - Stress-strain response of the triaxial undrained tests on the C2 reconstituted samples (Mifsud, 2019). 
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Figure 8-44 - Excess pore pressure development during triaxial undrained tests on the C2 reconstituted samples 

(Mifsud, 2019). 

 

Figure 8-45 - C2 reconstituted specimens at the end of the triaxial test: a) C2R-U-700; b) C2R-U-1400; c) C2R-U-

2300 (Mifsud, 2019). 

The stress ratio at phase transformation is equal to 1.388, and it increases until a final 

value of 1.52 (Figure 8-46). 
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Figure 8-46 - Stress ratio during triaxial undrained tests on the C2 reconstituted samples (Mifsud, 2019). 

 

Figure 8-47 - Dilatancy rule for the C2 reconstituted samples (Mifsud, 2019). 
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As explained in the case of C1 and B1, phase transformation coincides with the onset 

of strain localisation and the quantities measured after that may not be representative 

of the behaviour of the entire specimen. 

The critical state condition has been taken at phase transformation, as confirmed also 

by the dilatancy plot (Figure 8-47), resulting in a friction angle of 34.3° and a K0 value 

of 0.436. 

8.5.3 One-dimensional compression on natural samples 

One-dimensional compression tests were carried out on intact samples in the high-

pressure oedometer. For each material, two types of tests were performed: a single 

load-unload cycle (LU) and a load-2 unload-reload cycles (L2UR). The results, plotted 

in the conventional (e, log v) plane, are supported also by a microstructural analysis 

through SEM images before and after the high-pressure oedometer test. 

The oedometer apparatus allowed to measure the horizontal stress, such that the 

resulting K0 coefficient was calculated for each test. In all cases, the readings related 

to the initial smaller load increments have been discarded, as the strain gauge bridge 

circuit was not considered accurate when the ring was subjected to low levels of 

internal stress. 

Several interpretations were given to the experimental data but, in this research, we 

consider the data elaborated at the end of a defined time of 24 hours, since both the 

interpretation according to Casagrande’s construction or the one based on the 

identification of the end of the primary phase, were not satisfactory. 

8.5.3.1 One-dimensional compression tests on the natural specimens C1  

The results of the one-dimensional compression tests on C1 are shown in the (e, log 

v) plot (Figure 8-48). The response during loading is very stiff, reflecting the 

properties of a soft rock. At very high pressures, the specimen starts a gradual yield 

process although this does not seem to be fully developed at the maximum pressure 

reached in the tests. In fact, gross yield has not occurred in any of the two samples in 

this material, and a clear yield point cannot be defined. Mifsud (2019) estimates gross 

yield at 37 MPa, with the compression curves just to the right of the intrinsic NCL. 
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Figure 8-48 - One-dimensional compression on the C1 natural specimen (Mifsud, 2019). 

Considering the in-situ vertical effective stress equal to 180 kPa, the yield stress ratio 

YSR, given by the ratio of gross yield over in-situ stress, is equal to 205, which is 

considerably larger than the geological overconsolidation ratio OCR estimated as 13.6. 

Figure 8-49 shows the evolution of the coefficient of earth pressure at rest K0, obtained 

by the measurements of the horizontal stress in the oedometer ring. With increasing 

applied stress, the measured value of K0 decreases considerably, until a final value of 

0.423 for both tests. In general, there is good agreement between the curves of the two 

tests, suggesting that these readings are repeatable. The full loading-unloading 

procedure in C1-LU is represented, with the unloading curve plotting slightly above the 
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loading curve. A similar observation can be made for C1-L2UR, but after the first cycle, 

the K0 curve follows the same path irrespective of the loading direction. 

 

Figure 8-49 - Determination of K0, based on horizontal effective stress measurements in the oedometer ring during 

one-dimensional compression tests on the natural C1 specimens (Mifsud, 2019). 

SEM images have been taken from the oven-dried specimen C1-LU at the natural state 

(Figure 8-50) and at the end of the HP-oedometer test (Figure 8-51), at a magnification 

of 5000x. Particle agglomerations are much less common in the compressed 

specimen, generally characterised by a more uniform texture and less void space. Intact 

coccoliths cannot be easily found in the compressed specimen, indicating that particle 

breakage may have started to occur when approaching yield, which, as seen from the 

experimental data, had not fully developed at 37 MPa. 
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Figure 8-50 - Natural specimen C1 at 5000x magnification (Mifsud, 2019). 

 

Figure 8-51 - Natural specimen C1, compressed to 37900 kPa, at 5000x magnification (Mifsud, 2019). 
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8.5.3.2 One-dimensional compression tests on the natural specimens B1  

The results of the high-pressure oedometer tests on intact samples B1 are shown in 

Figure 8-52. Compared to C1 and, as it will be seen later, C2, this is a much weaker 

material. In fact, it exhibits a well-defined yield point in the same range of pressures as 

C1 and C2, while this was not the case for C1. 

 

Figure 8-52 - One-dimensional compression on the B1 natural specimen (Mifsud, 2019). 

Both B1-LU and B1-L2UR reach a common virgin compression line in the structure-

permitted space, way beyond and to the right of the intrinsic NCL of the equivalent 

reconstituted material. After gross yield, the compression line follows an inclination that 

is different from the slope of the intrinsic compression line. In fact, as structure 
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degradation occurs, the behaviour of the natural material tends to converge to that of 

the reconstituted specimen. The gross yield determined with the Casagrande 

construction, is 14.5 MPa. Considered that the estimated in-situ vertical effective stress 

is equal to 103 kPa, the resulting yield stress ratio is 140, much larger than the 

estimated geological overconsolidation ratio equal to 22.9, as in the case of C1. 

Similarly to C1, the coefficient K0 can be calculated based on the measured horizontal 

stresses (Figure 8-53): the value of K0 decreases considerably with increasing load 

and seems to stabilise beyond yield. The final values are 0.522 and 0.582 for B1-LU 

and B1-L2UR test, respectively. In this latter test, all unload-reload cycles follow the 

same path, but K0 is higher on unloading post-yield. 

 

Figure 8-53 - Determination of K0, based on horizontal effective stress measurements in the oedometer ring during 

one-dimensional compression tests on the natural B1 specimens (Mifsud, 2019). 

SEM images have been taken from the oven-dried specimen B1-LU at the natural state 

(Figure 8-54, Figure 8-50) and at the end of the HP-oedometer test (Figure 8-55), at a 

magnification of 5000x. 
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Figure 8-54 - Natural specimen B1 at 5000x magnification (Mifsud, 2019). 

 

Figure 8-55 - Natural specimen B1, compressed to 37900 kPa, at 5000x magnification (Mifsud, 2019). 
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The specimens subjected to high pressure in the oedometer show a reduction in void 

space and a more homogeneous texture, also due to the occurrence of some particle 

disaggregation. Intact coccoliths are clearly visible in both cases, probably because 

“protected” by the clay minerals, present in larger amounts in B1 compared to C1, 

where crushing might have occurred. 

8.5.3.3 One-dimensional compression tests on the natural specimens C2  

The results of one-dimensional compression tests performed at high pressures on 

natural C2 specimens are shown in the (e, log v) plot (Figure 8-56). 

Unlike B1, this material exhibits a high initial stiffness, as in the case of C1, with a near-

horizontal response up to 17.7 MPa. Differently from C1, it is possible to identify a very 

sharp yield point after which the behaviour is more fragile and is accompanied by a 

significant reduction in void ratio. 

The behaviour after gross yield is characterised by a slope that is approximately the 

same as the one of the intrinsic compression line. However, when these data are 

analysed together with the results of an isotropic compression test performed up to 60 

MPa (as shown later), it seems more likely that the gross yield point is located between 

the last two stress increments, corresponding to a yield stress y equal to 26.7 MPa. 

Considering that the in-situ vertical effective stress is estimated at 58 kPa, the yield 

stress ratio y /v is equal to 460. The YSR is much larger than the estimated 

geological overconsolidation ratio OCR, equal to 40.3. 

For both one-dimensional compression tests, the specimens reach a common virgin 

compression line, on the right of the intrinsic NCL and quite distant from it, indicating a 

certain degree of structure of the intact material. 
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Figure 8-56 - One-dimensional compression on the C2 natural specimen (Mifsud, 2019). 

Figure 8-57 shows the measured values of K0, exhibiting similar trends as C1 and B1, 

decreasing considerably towards yield. The values of K0 during unloading are larger 

with respect to those registered during loading after yield has occurred. During the last 

loading stage, after yield, a slight increase in K0 is observed. The lowest value of K0 

measured during C2-LU is 0.522, increasing to 0.628 during the final loading stage. In 

C2-L2UR, the minimum value is 0.562, increasing to 0.593 during the final loading 

stage. Both specimens follow the same pattern, and there is also good agreement 

between the curves of both tests before yield and after yield. 
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Figure 8-57 - Determination of K0, based on horizontal effective stress measurements in the oedometer ring during 

one-dimensional compression tests on the natural C2 specimens (Mifsud, 2019). 

Based on the measurements of the horizontal stresses in the oedometer ring, the value 

of K0 can be calculated and used to transform the one-dimensional compression test 

results in the (e, ln p) plane, as shown in Figure 8-58. 

The results are plotted together with the estimated extrapolations. Gross yield is set at 

a vertical effective stress of 26.7 MPa, which is converted to a mean pressure of about 

19.8 MPa, using the same K0 value (equal to 0.628) of the largest stress reached. For 

comparison, the results obtained from the high-pressure isotropic compression test 

(discussed in 8.5.4) have been added, showing a different behaviour of the material 
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compared with what expected from the Critical State Soil Mechanics. In fact, the one-

dimensional compression tests give results that seem to converge to or even surpass 

the isotropic compression curve, instead of being on the left side of it, at a certain 

distance. 

As it will be discussed in the next chapter, when simulating this behaviour with an 

advanced constitutive model, this may be due to a larger susceptibility of the soft rock 

to volumetric strains, such that destructuration occurs more rapidly along an isotropic 

compression stress path rather than a one-dimensional compression. 

 

Figure 8-58 – One-dimensional compression and isotropic compression on the C2 natural specimen, with an 

indication of possible extrapolations. 
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In the (e, log v) plane, the corresponding curves, with the extrapolation branches, are 

shown in Figure 8-59. 

 

Figure 8-59 - One-dimensional compression on the C2 natural specimen, with an indication of possible 

extrapolations. 

SEM images have been taken from the oven-dried specimen C2-LU at the natural state 

(Figure 8-60) and at the end of the HP-oedometer test (Figure 8-61), at a magnification 

of 5000x. Particle agglomerations are still present at the end of the compression up to 

37 MPa, compared to the untested natural specimen, but the overall texture consist of 

a much greater percentage of small particles. These may have originated by the 

breakage of particle agglomerations rather than particle crushing, in fact many intact 

coccoliths are still visible. 
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Figure 8-60 - Natural specimen C2 at 5000x magnification (Mifsud, 2019). 

 

Figure 8-61 - Natural specimen C2, compressed to 37900 kPa, at 5000x magnification (Mifsud, 2019). 



 

 

469 

 

8.5.3.4 Comparison of one-dimensional compression tests on Mrieħel natural 

specimens and other soft rocks 

The compression results of all Mrieħel specimens are shown together with the Corinth 

marl (Kavvadas et al., 2002) and Extreaux Chalk (Sorgi et al., 2011) data (Figure 8-62). 

Unfortunately, a comparison with the soft calcareous mudstone from Abu Dhabi cannot 

be done since no one-dimensional compression tests have been performed on the 

natural specimens in the case of either Type A or Type B. 

 

Figure 8-62 - Compression curves of natural and reconstituted specimens C1, B1, C2 (Mrieħel), Corinth marl, Chalk 

(Mifsud, 2019). 
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Both Corinth marl and Chalk have an initial void ratio that is comparable to B1 

specimens, but they are both weaker than B1 since they yield at a smaller vertical 

effective stress (lower than 10 MPa). This is especially the case for Corinth marl. 

C1 and C2 yield at much larger effective stresses, with the yield point of C1 not even 

reached during the high-pressure oedometer tests. 

During unloading, C1 and C2 are characterised by very similar gradients, while B1 

shows a greater amount of swelling. 

For all specimens, the swelling index Cs calculated on the final unloading cycle, i.e. after 

gross yield has been reached, is larger than the one calculated before yielding, and it 

approaches the intrinsic swelling index C*s, indicating degradation of structure. This 

effect is more clearly seen in the B1 specimens and, to some extent, also in C2, since 

they have both clearly reached a post-gross yield state. 

The swell sensitivity, calculated as the ratio C*s/Cs, is different for each material. C1 is 

characterised by the lowest value, equal to 1.46, while the value for B1 is 2.17. The 

largest swell sensitivity characterises C2, with a value of 2.5, while this is equal to 2.36 

in the case of Corinth marl. There are no test results available on the reconstituted 

Chalk, therefore it is not possible to calculate its swell sensitivity as well as the degree 

of structure with respect to its intrinsic properties. 

The calculation of the compression index of the natural specimen C1 is based on 

incomplete data since yield has not fully developed. Therefore, the calculated value of 

0.043 may be a strong underestimation of the actual compression index. 

B1 is characterised by a compression index of 0.370 in its natural state. The intrinsic 

value has been calculated in 8.5.1 as equal to 0.470 (Table 8-4). In this section, to 

compare it to the Cc value of the intact material, it is calculated in the range of pressures 

between 10 and 20 MPa, obtaining a value of 0.255. 

The averaged compression index of C2, considering the extrapolated data, is 0.335 

and, as in the case of B1, it is larger than the intrinsic compression index (0.238). This 

indicates that, in both cases, after yield, the material tends to the intrinsic compression 

line due to destructuration. This is observed also in the case of Corinth marl, where the 

compression index characterising the natural material is 0.254, while in its 
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reconstituted state, it is equal to 0.150. For Chalk, although it is not possible to do a 

comparison with the intrinsic compression index, it is interesting to show that the 

compression index in the intact state is equal to 0.246 and is quite similar to both 

Corinth marl and C2. 

The stress sensitivity, Sσ can also be calculated by considering the equivalent pressure 

on the intrinsic normal consolidation line corresponding to the void ratio of the natural 

material at yield, σ’*ve. Once more, no clear indications can be given about C1 since the 

oedometer test did not reach pressures high enough to capture the development of 

gross yield and post-gross yield behaviour. 

The stress sensitivity of C2 is higher (on average 3.05) compared to B1 (1.93) but 

lower than Corinth marl, with Sσ between 5.79 and 6.58. 

Table 8-9 summarises the natural and intrinsic properties of the different soft rocks. 

Properties C1 B1 C2 Chalk Corinth marl 

Gross yield y (MPa) 37 (?) 14.5 26.7 7.5 4.28 

Gross yield py (MPa) 22.7 11.1 19.8 - - 

In situ v0 (kPa) 180 103 58 - 1380 

OCR 13.6 22.9 40.3 1-2.5 - 

YSR 205 (?) 140 460 - 3.1 

Cc 0.043 (?) 0.370 0.335 0.246 0.254 

Cc* 0.188 0.255 0.238 - 0.150 

Cs 0.0048 0.0092 0.0020 0.0062 0.0072 

Cs* 0.007 0.020 0.005 - 0.016 

Swell sensitivity 1.46 2.17 2.5 - 2.36 

Stress sensitivity  1-1.42 (?) 1.93 2.95-3.22 - 5.79-6.58 

Table 8-9 - Summary of compression characteristics of Mrieħel samples, Chalk and Corinth marl; (?) indicates 

incompleteness of results. 

8.5.4 Isotropic compression test on the natural C2 specimen 

Only in the case of C2, the results of an isotropic compression test executed up to 60 

MPa are available and shown in Figure 8-63. 

The isotropic compression line of the natural specimen goes beyond the intrinsic INCL, 

showing evidence of structure in the (e, ln p) plane. 
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Figure 8-63 - Isotropic compression on the natural and reconstituted C2 specimen. 

The natural specimen is characterised by a stiff pre-yield behaviour, until a mean 

pressure of 16.23 MPa, representing gross yield. After this point, the material follows 

a steep compression line with a larger gradient compared to the INCL
*

. This means that 

the structure characterising the natural material is progressively weakened and, 

consequently, the material response in compression tends to converge towards the 

behaviour of the same material when reconstituted. The shape produced by this 

isotropic compression stage is typical of soils and soft rocks that exhibit a ‘metastable’ 

type of structure (Baudet and Stallebrass, 2004; Burland et al., 1996; Lagioia and Nova, 

1995; Cuccovillo and Coop, 1993). 
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However, it should be noted that, even at a pressure as high as 60 MPa, the material 

has not yet reached the INCL
*

, meaning that C2 may be characterised by a certain fabric 

that still gives some structure to the material or that even larger mean pressures are 

required to completely destructurate the natural material. 

8.5.5 Triaxial tests on natural specimens 

All three natural soft rocks from Mrieħel have been sheared in drained conditions, 

starting from a different consolidation pressure. Only in the case of C2, one specimen 

was compressed isotropically to a cell pressure of 60 MPa, after which it was sheared 

in undrained conditions. 

A summary of the tests performed are shown in Table 8-10, together with the value of 

the void ratio at the beginning of the shear phase and the high-pressure isotropic 

compression phase.  

Test identification Material p (kPa) Void ratio (-) 

C1-D-200 C1 200 0.3655 

C1-D-1000 C1 1000 0.3863 

C1-D-2500 C1 2500 0.3976 

B1-D-200 B1 200 0.6012 

B1-D-1000 B1 1000 0.5908 

B1-D-2500 B1 2500 0.5938 

C2-D-200 C2 200 0.4915 

C2-D-1000 C2 1000 0.4651 

C2-D-2500 C2 2500 0.4938 

C2-ISO-60000 C2 500 0.4702 

C2-U-60000 C2 60000 0.2324 

Table 8-10 - Summary of triaxial tests performed on natural Mrieħel samples. 

The void ratios are plotted in the (e, ln p) plane in Figure 8-64. 

C1 shows the greatest variability, with the specimen loaded to the highest confining 

pressure of 2500 kPa, characterised by the highest void ratio, as the opposite of what 

would be expected. This indicates that the different void ratio is not due to the isotropic 

compression phase prior to shearing but to the presence of bioturbated zones in the C1 
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natural samples. This gives some heterogeneity to the material, influencing the 

behaviour in compression and, as it will be seen later, in shear. 

On the contrary, all three B1 natural specimens are homogeneous and fine-textured, 

and, consequently, the scatter of the initial void ratio is minimal. 

C2 shows some variability, especially for the specimen sheared at a confining pressure 

of 2500 kPa. The initial void ratio of the material at the beginning of the shear phase in 

the C2-D-1000 test and at the beginning of the high-pressure isotropic compression 

phase are very close to each other. 

 

Figure 8-64 - Initial void ratios of all natural Mrieħel specimens at the beginning of the test. 
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Finally, the sample sheared at a confining pressure of 60 MPa shows that the material 

still exists in the structure-permitted space, in spite of the large destructuration that took 

place during compression. 

The results of the triaxial tests will be described in the following subparagraphs. In every 

chart, symbols have been used to indicate a particular condition (Table 8-11). 

Symbol Denomination 

 Yield, end of linear stress-strain response, not necessarily boundary of the elastic domain 

+ Maximum dilation rate 

• Increment of volumetric over deviatoric strain equal to zero 

o Final state at which the test is stopped 

Table 8-11 - List of chart symbols and denomination. 

8.5.5.1 Triaxial tests on the natural specimens C1 

The stress paths of the three drained triaxial tests on the C1 natural specimens are 

shown in Figure 8-65. 

 

Figure 8-65 - Stress paths of drained triaxial tests on C1 natural specimens (Mifsud, 2019). 
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All three specimens reach very high peak deviatoric stresses, followed by a reduction 

along the same path. C1-D-1000 is characterised by a qpeak that is slightly less than 

the one of C1-D-200, while the opposite would be expected. The reason may be the 

heterogeneity of the C1-D-1000 specimen compared to the others, due to bioturbation. 

This difference can be observed also in the stress-strain response (Figure 8-66). 

The points indicating the end of the test do not lie on any of the lines representing the 

critical state (i.e. phase transformation) or the final state of the corresponding C1 

reconstituted specimens. 

Mifsud (2019) identifies yield as the point that shows a change in stiffness and that 

represents the end of the initial linear response in the stress-strain plot (Figure 8-66). 

However, this does not mean that the behaviour is purely elastic up to that point since 

it has not been verified with specific tests. Most likely, the elastic domain is small since 

the material exhibits destructuration, especially in compression, before reaching gross 

yield. This means that elasto-plastic strains develop before reaching the yield point. 

After peak, there seems to be a big gap between the measurements, probably due to 

the formation of the first crack. Beyond strain localisation, the specimens all exhibit a 

post-rupture strength that varies in proportion with the applied confining stress. 

 

Figure 8-66 – Stress-strain behaviour of natural C1 specimens in drained triaxial tests (Mifsud, 2019). 
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In terms of volumetric strains (Figure 8-67), only the C1-D-2500 specimen may be 

approaching a constant volume condition (i.e. critical state) at the end of the test, while 

the others seem quite far from it. 

 

Figure 8-67 – Volumetric strains of natural C1 specimens in drained triaxial tests (Mifsud, 2019). 

In the initial part of the shear phase, all three specimens experience contraction 

although the volumetric strain is very small (lower than 0.5%) in the case of all tested 

confining pressures. Soon beyond the yield point, the behaviour becomes dilative 

(indicated by the solid red dots in the figures), and the volumetric strain starts to 

decrease again. At the maximum dilation rate, the peak deviatoric stress is reached, 

according to Taylor’s dilation law for soils (Taylor, 1948). The largest dilation can be 

observed in C1-D-200 while, in the case of C1-D-2500, the volumetric strains decrease 

but never reach negative values. Also in this plane it is possible to distinguish a gap in 

the data, due to the formation of a major crack. This happens at relatively low axial 

strains (0.5% and 0.75% for C1-D-200 and C1-D-2500, and 1% for C1-D-1000). 

In general, the mechanical behaviour of the soft rock at three different consolidation 

pressures is consistent with the expected behaviour of soils in the critical state soil 

mechanics framework. 
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All three specimens reach a peak stress ratio (Figure 8-68) at the point indicating both 

peak deviatoric stress and the maximum rate of dilation. After this, strain localisation 

causes strain softening behaviour, while the stress ratio remains roughly constant. 

As observed in Figure 8-65, at the end of each triaxial test, the final state (in this case, 

the stress ratio) is above the critical state condition identified for the reconstituted C1 

specimens. This may indicate that different mechanisms occur in the natural and in the 

reconstituted material also in terms of different strain localization processes. 

The three specimens do not converge to a unique stress ratio. However, after strain 

localisation, the results may not be completely reliable since they do not describe 

anymore a uniform response of the entire specimen. 

The flow rule is shown in Figure 8-69. The plastic part of the total volumetric and 

deviatoric strain has been calculated by subtracting the elastic portion. The elastic 

volumetric strain is calculated considering the known initial void ratio at the beginning 

of each triaxial test and assuming the slope * of the swelling line equal to 0.0006. The 

elastic deviatoric strain is calculated as a function of the deviatoric stress and a 

constant shear stiffness of 1250 MPa for C1-D-200, 937.5 Mpa for C1-D-1000 and 

1428 Mpa for C1-D-2500. 

 

Figure 8-68 – Stress ratio for C1 natural specimens in drained triaxial tests (Mifsud, 2019). 
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There is no unique relationship for the three specimens, although there seem to be 

similarities among the results. 

In the case of C1-D-1000 and C1-D-2500, the behaviour evolves from contractive 

(positive plastic incremental strain ratio) to dilative, as the stress ratio increases during 

the test. Plastic contractive behaviour is minimal in the specimen sheared at the lowest 

confining pressure, and most plastic strains are of a dilative nature. Beyond strain 

localisation, the path of these plots tries to approach again zero incremental strain ratio, 

as the near-constant stress ratio in the post-rupture phase is sustained. This is not 

clearly visible in the scatter plot, but it is shown idealised in the inset diagram within 

Figure 8-69. 

A dashed line indicating A has been added (with more success in the case of C1-D-

1000 and C1-D-2500) while the red circle marks the variable M value. 

In his work, Mifsud (2019) proposed a modified version of the equation used by 

Cotecchia and Chandler (2000) to describe the flow rule of structured soils (paragraph 

2.2), such that: 

 𝑞

𝑝
= 𝑄 − 𝐴

휀�̇�
𝑝

휀�̇�
𝑝 

8-5 

The parameter Q is given by the following equation: 

 𝑄 =  ħ 𝑀𝑐𝑣
∗

 8-6 

meaning that for larger confining pressures, the parameter ħ decreases with the level 

of destructuration such that, for a fully destructured material, its value becomes 1 and 

Q coincides with the intrinsic stress ratio at critical state. 

Also the parameter A is different for each test, since it increases for increasing confining 

pressures. In fact, the material experiences destructuration during the isotropic 

compression phase, causing A to increase with the degree of destructuration. 

The results of the triaxial tests on the intact samples are plotted together with the ones 

on the reconstituted samples (Figure 8-70), although the latter are obtained from 

undrained triaxial tests and some differences in the value of A are expected due to the 

drainage type of the test (Cotecchia and Chandler, 1997). 
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Figure 8-69 – Flow rule for C1 natural specimens in drained triaxial test (Mifsud, 2019). 

 

Figure 8-70 – Comparison of flow rules for reconstituted and natural C1 specimens (Mifsud, 2019). 
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Also in the case of the reconstituted specimens it is possible to determine a value for 

ħ and A, although the first one is 1 since the point at zero incremental strain is exactly 

at 𝑀𝑐𝑣
∗

. 

Table 8-12 shows a summary of the parameters ħ and A determined by Mifsud (2019) 

for each test. 

Test ħ A 

C1-D-200 2.053 0.073 

C1-D-1000 1.751 0.118 

C1-D-2500 1.508 0.133 

C1R 1 6 

Table 8-12 – Dilatancy parameters for natural and reconstituted C1 specimens (Mifsud, 2019). 

It is interesting to see the images taken on the natural specimens at the end of the 

triaxial test (Figure 8-71) since they clearly show the presence of bioturbated zones 

that might have influenced the specimen behaviour, and the formation of many cracks 

in the case of C1-D-200, while at higher confining pressures the specimens are 

characterised by a clear failure surface. 

 

Figure 8-71 - C1 natural specimens at the end of the triaxial tests at different confining pressures (Mifsud, 2019). 
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8.5.5.2 Triaxial tests on the natural specimens B1 

The stress paths of the three drained triaxial tests performed on B1 specimens are 

shown in Figure 8-72. All three stress paths climb to reach a Hvorslev surface. After 

having reached the peak deviatoric stress, the stress path changes its direction, 

towards critical state. For each test, the final state is indicated together with the line 

representing the critical state (𝑀𝑐𝑣
∗

) and the final state (𝑀𝑓𝑖𝑛𝑎𝑙
∗

) of the reconstituted 

specimens. Differently from C1, the final states of the natural B1 specimen are very 

close to 𝑀𝑓𝑖𝑛𝑎𝑙
∗

. 

In terms of stress-strain behaviour (Figure 8-73), only the sample at a confining 

pressure of 200 kPa shows a marked peak behaviour, similar to C1, although peak is 

reached at a much higher strain (1.5%) compared to C1 (0.5%). B1-D-1000 is 

characterised by a smaller jump in the deviatoric stress after having reached peak and, 

at the highest confining pressure, there is no clear peak and the deviatoric stress slowly 

decreases with increasing axial strain, as a result of the formation of a shear plane. 

It is evident that B1-D-2500 is approaching the wet side through shear.  

 

Figure 8-72 - Stress paths of drained triaxial tests on B1 natural specimens (Mifsud, 2019). 
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Figure 8-73 - Stress-strain behaviour of natural B1 specimens in drained triaxial tests (Mifsud, 2019). 

Consequently, all three specimens show initial contraction followed by dilation, 

although this is major in B1-D-200, as expected, while the other two show net 

contraction and seem to have reached a condition of constant volume (Figure 8-74). 

Also in this case, Mifsud (2019) identified “yield” points in each plot, although they 

should be considered as the end of a linear portion in the stress-strain plots, and not 

as the true boundary of the elastic domain. 

B1 specimens exhibit different behaviour when compared to the C1 specimens, 

possibly due to their higher plasticity.  
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Figure 8-74 - Volumetric strains of natural B1 specimens in drained triaxial tests (Mifsud, 2019). 

The stress ratio plotted in Figure 8-75 shows that, at large strain, B1-D-1000 and B1-

D-2500 seem to converge to the 𝑀𝑓𝑖𝑛𝑎𝑙
∗

 value of the reconstituted specimens, while 

B1-D-200 is stopped at much lower strains but, the decreasing stress ratio may 

indicate that also this test tends to converge to the same common value. 

The representation of the flow rule is shown in Figure 8-76. The elastic strains have 

been subtracted from the total strain assuming the slope * of the swelling line equal 

to 0.002 and a constant shear stiffness of 136.7 MPa for B1-D-200, 222.2 MPa for 

B1-D-1000 and 217 MPa for B1-D-2500. The behaviour (starting from the right) is 

linear and very stiff, then it crosses to the left side at high stress ratios (dilation), and it 

eventually turns back towards zero incremental strain ratio. 
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Figure 8-75 - Stress ratio for B1 natural specimens in drained triaxial tests (Mifsud, 2019). 

 

Figure 8-76 - Flow rule for B1 natural specimens in drained triaxial tests (Mifsud, 2019). 
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Also in this case, the flow rule is not unique for the three specimens, but it can be 

described by the same equation used for C1 (equation 8-5), using different values for A 

and ħ. The results obtained from the undrained triaxial tests on the reconstituted 

specimens are plotted together with the natural specimen results in Figure 8-77. 

The reconstituted specimens are characterised by the same flow rule with the same 

inclination A* and stress ratio at zero incremental plastic strain ratio. 

 

Figure 8-77 - Comparison of flow rules for reconstituted and natural B1 specimens (Mifsud, 2019). 

The values of the parameters A and ħ are described in Table 8-13. As for C1, A is much 

larger for the reconstituted rather than the natural specimens, as expected for undrained 

shear paths versus drained shear paths (Cotecchia and Chandler 1997). 

Test ħ A 

B1-D-200 1.863 0.089 

B1-D-1000 1.445 0.218 

B1-D-2500 1.161 0.260 

B1R 1 2.826 

Table 8-13 - Dilatancy parameters for natural and reconstituted B1 specimens (Mifsud, 2019). 
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As in the case of C1, A and ħ are clearly dependent on the confining pressure, such 

that the former increases and the latter decreases with increasing mean pressure. This 

results in a relationship that gets closer and closer to the intrinsic values of the stress 

ratio, suggesting that isotropic compression prior to the shear phase may cause 

destructuration. Especially in the case of B1-D-2500, the stress ratio at zero plastic 

strain increment ratio is very close to 𝑀𝑓𝑖𝑛𝑎𝑙
∗

 and, further destructuration, might have 

resulted in a value even close to 𝑀𝑐𝑣
∗

. The image of the specimen at the end of the test 

(Figure 8-78) shows that it barrelled and developed very thin shear planes in both 

conjugate directions, more similar to the behaviour of the reconstituted specimens. 

As for the other two specimens, some cracks developed in B1-D-200, consistent with 

the observed stress-strain response and similar to C1-D-200, while a shear plane can 

be clearly identified in the case of B1-D-1000. 

 

Figure 8-78 - B1 natural specimens at the end of the triaxial tests at different confining pressures (Mifsud, 2019). 
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8.5.5.3 Triaxial tests on the natural specimens C2 

Only in the case of C2, in addition to the three drained triaxial tests at the same confining 

pressures as in the case of C1 and B1, one undrained triaxial test at a confining pressure 

as high as 60 MPa, has been performed on a C2 natural sample. 

Due to the very different scales of results, the results of the drained tests will be 

discussed first. 

The stress paths in Figure 8-79 indicate that also in this case, all tests have been 

performed on the dry side of critical state, as they climb to the Hvorslev surface, after 

which they develop in the opposite direction. The final states do not lie on either line 

indicating 𝑀𝑐𝑣
∗

 or 𝑀𝑓𝑖𝑛𝑎𝑙
∗

. 

 

Figure 8-79 - Stress paths of drained triaxial tests on C2 natural specimens (Mifsud, 2019). 

As shown in Figure 8-80, all specimens show a clear initial linear portion whose end is 

marked as yield, although this does not mean necessarily the end of the purely elastic 

behaviour, as specified for C1 and B1. Beyond this point, the material experiences strain 

hardening until the peak deviatoric stress is reached, followed by softening. As in the 
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case of C1, both C2-D-200 and C2-D-1000 show a quite sharp peak, while, at the 

largest confining pressure, the peak behaviour is less abrupt (similar to B1-D-1000). 

This indicates that C2 seems to have an intermediate behaviour compared to the very 

stiff and brittle C1 specimens, and to the more plastic and weaker B1 specimens. As 

in the case of B1 specimens, the strain at which peak deviatoric stress occurs increases 

with increasing confining pressure and, numerically, it has an intermediate value 

compared to C1 and B1. 

All three specimens seem to reach a well-defined post-rupture state in the (q, a) plane, 

while, in terms of volumetric strains, C2-D-200 seems to keep experiencing dilation 

even when the test is stopped (Figure 8-81). 

 

Figure 8-80 - Stress-strain behaviour of natural C2 specimens in drained triaxial tests (Mifsud, 2019). 

As a matter of fact, strain localisation and the relatively low strains reached do not allow 

identification of clear critical states for any of the specimens. All three specimens 

initially contract and, in the case of the two lower confining pressures, net dilation can 

be observed while, C2-D-2500 starts to contract again at a higher strain, after some 

dilation after peak. 
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Figure 8-81 - Volumetric strains of natural C2 specimens in drained triaxial tests (Mifsud, 2019). 

The deformed shape of the three specimens shows that several cracks have formed in 

all cases, confirming the brittle nature of the soft rock (Figure 8-82). 

The stress ratios in Figure 8-83 do not seem to converge to a unique value and that the 

final value reached in each test is higher for lower confining pressures. This is 

confirmed by plotting the flow rule in Figure 8-84. 

 



 

 

491 

 

 

Figure 8-82 – C2 natural specimens at the end of the triaxial tests at different confining pressures (Mifsud, 2019). 

 

Figure 8-83 - Stress ratio for C2 natural specimens in drained triaxial tests (Mifsud, 2019). 
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The plastic strain increments have been calculated by subtracting the elastic strain from 

the total strain, assuming the slope * of the swelling line equal to 0.0014 and a 

constant shear stiffness of 549 MPa for C2-D-200, 792 MPa for C2-D-1000 and 830 

MPa for C2-D-2500. 

The behaviour shows an initial contraction (right side). Then, for increasing stress 

ratios, it crosses to the left side (dilation), and it eventually turns back towards zero 

incremental strain ratio. These points are far from the intrinsic stress ratios, but they 

indicate a similar pattern with respect to C1 and B1. There is no unique flow rule, but 

as the confining pressure increases, the value of A increases, and the intercept ħ 

decreases. 

These results are plotted in Figure 8-85, together with the ones obtained from the 

undrained triaxial tests on the reconstituted C2 specimens and on the C2 natural 

specimen sheared from a confining pressure as high as 60 MPa. 

 

Figure 8-84 - Flow rule for C2 natural specimens in drained triaxial tests (Mifsud, 2019). 
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Figure 8-85 - Comparison of flow rules for reconstituted and natural C2 specimens (Mifsud, 2019). 

As in the case of C1 and B1, the reconstituted specimens can be described by a unique 

relationship, irrespective of the applied confining pressure and characterised by a much 

larger value of A compared to the natural specimens. 

It is very interesting to observe that the undrained triaxial test at high pressure is very 

close and almost overlaps with the results of the reconstituted specimens. This may 

confirm that destructuration in compression may influence the value of A and ħ, such 

that the behaviour of the natural material converges towards the one of the 

corresponding reconstituted state. 

The values of the parameters A and ħ are described in Table 8-14Table 8-13, showing 

that ħ is almost equal to 1 in the case of C2-U-60000, confirming that the specimen 

has almost arrived at the fully reconstituted state by degradation of structure through 

isotropic compression and undrained shear. The elastic deviatoric strains in this case 

have been calculated considering a shear stiffness of 1110 kPa. 

 

 



 

494 

 

Test ħ A 

C2-D-200 1.935 0.060 

C2-D-1000 1.613 0.133 

C2-D-2500 1.353 0.200 

C2R 1 9.286 

C2-U-60000 1.014 2.714 

Table 8-14 - Dilatancy parameters for natural and reconstituted C2 specimens (Mifsud, 2019). 

The plot of stress ratio with axial strain shows that, in the case of C2-U-60000, the 

stress ratio reaches a value of 1.41, very close to the intrinsic critical stress ratio of 

1.388 (Figure 8-86). In the other cases, the tests have been stopped at a much lower 

strain to conclude that they would eventually tend to converge to the same value. 

In the figure, a phase transformation point has been added for the C2-U-60000 test. In 

fact, the corresponding stress path in Figure 8-87 shows that, after reaching peak, the 

stress path changes its direction, keeping that same stress ratio of 1.41. This behaviour 

has been observed also in the corresponding normally consolidated reconstituted 

specimens, with the stresses climbing a Roscoe surface until the point of phase 

transformation. 

 

Figure 8-86 - Stress ratio for C2 natural specimens in drained triaxial tests and an undrained high-pressure triaxial 

test (Mifsud, 2019). 
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Figure 8-87 - Stress paths of drained triaxial tests and an undrained high-pressure triaxial test on C2 natural 

specimens (Mifsud, 2019). 

In terms of stress-strain behaviour (Figure 8-88), the specimen exhibits strain 

hardening, in contrast with the low confinement pressure tests. 

The excess pore pressures (Figure 8-89) reach a value of 43.8 MPa and, as in the case 

of the reconstituted specimens, they slightly decrease after phase transformation until 

the peak deviatoric stress is reached, after which they tend to increase again. 

At the end of the test, the specimen shows barrelling and no major shear plane, but a 

series of very thin shear discontinuities (Figure 8-90) similar to the ones seen in 

specimen B1-U-2300, and in some of the reconstituted specimens of C1 and C2. 
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Figure 8-88 - Stress-strain behaviour of natural C2 specimens in drained/undrained triaxial tests (Mifsud, 2019). 

 

Figure 8-89 - Excess pore pressure development during a C2-U-60000 undrained triaxial test (Mifsud, 2019). 
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Figure 8-90 – C2 natural specimen at the end of the high-pressure undrained triaxial test (Mifsud, 2019). 

8.5.5.4 Comparison of triaxial tests on Mrieħel specimens and other soft rocks 

All triaxial test results for confining pressures up to 2500 kPa, are compared in this 

section, highlighting similarities and differences across the three types of specimens. 

All tests start from a confining pressure that is pre-gross yield and on the dry side of 

critical state. 

The stress-strain behaviour in Figure 8-91 shows the very brittle nature of C1 and C2, 

characterised by sharp peaks, even when the confining pressure is higher. On the 

contrary, the highly plastic B1 specimen is characterised not only by lower peak 

deviatoric stresses but also, with increasing confining pressure, the behaviour is less 

brittle and even shows strain hardening when the cell pressure is 2500 kPa. 

Anagnostopoulos et al. (1991) showed that a similar mechanical response 

characterises Corinth marl (Figure 8-92).  
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Figure 8-91 – Stress-strain behaviour of the three natural samples, during all drained triaxial tests up to a cell 

pressure of 2500 kPa (Mifsud, 2019). 

 

Figure 8-92 - Stress-strain behaviour of the intact Corinth marl, during drained triaxial tests (Anagnostopoulos et al. 

1991). 
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In fact, when the confining pressure increases from 294 kPa to 903 kPa, the behaviour 

changes from brittle to ductile. 

The same behaviour was also observed in the case of the soft calcareous mudstones 

from Abu Dhabi as described in section 6.7. A direct comparison between these and 

the Maltese soft rocks will be discussed later in this section. 

C2 displays intermediate behaviour when compared to C1 and B1. It is characterised 

by low plasticity, sharp peaks, and an abrupt decrease in deviatoric stress after peak, 

but the magnitude of qpeak even for the largest confining pressure is still lower than 

qpeak reached in C1-D-200. 

In C2 (as in the case of B1), with increasing confining pressure, the shear strain at 

which the maximum deviatoric stress is reached increases as well. 

In terms of volumetric changes (Figure 8-93), as in the case of Corinth marl (Figure 

8-94), all specimens sheared at the lowest confining pressure are characterised by an 

initial contraction, followed by dilation and, with increasing cell pressure, the dilation is 

reduced. In the case of B1-D-2500, the volumetric response is fully contractive. 

 

Figure 8-93 – Volumetric changes of the three natural samples, during all drained triaxial tests up to a cell pressure 

of 2500 kPa (Mifsud, 2019). 
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Figure 8-94 - Volumetric changes of the intact Corinth marl, during drained triaxial tests (Anagnostopoulos et al. 

1991). 

The results of the triaxial tests on the Maltese soft rocks and the Abu Dhabi soft 

calcareous mudstones are compared, given the same confining pressures. 

As discussed in 8.4 and summarised in Table 8-2, Type A has similar index properties 

as C2, while the characteristics of the more plastic Type B are closer to B1. The analysis 

of the mechanical response of the soft calcareous mudstone led to similar conclusions 

as for the Maltese soft rocks (paragraph 6.9). In fact, the higher percentage of true clay 

particles in Type B (or B1) may be the reason for a weaker and less stiff response, 

compared to Type A (or C1 and C2). 

Figure 8-95 shows the stress-strain plots obtained from drained triaxial tests starting 

from a confining pressure of 200 kPa in the case of the Mrieħel specimens, and 235 

kPa in the case of Type A and Type B from Abu Dhabi. 

It is clearly visible that the soft calcareous mudstones are much weaker compared to 

any of the soft rocks from Malta. Type A is characterised by peak behaviour but, post-

peak, the decrease in deviatoric stress is less abrupt, even when compared to the more 
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plastic B1 specimen. The maximum deviatoric stress is reached in Type A at an 

intermediate value of shear strain, between the case of C2 and of B1. 

 

Figure 8-95 - Stress-strain behaviour of the Mrieħel and Abu Dhabi specimens in drained triaxial tests, at a confining 

pressure of about 200 kPa. 

Type B has a completely different behaviour and, as explained in 7.3, its behaviour may 

be affected by heterogeneities or measurement errors since, differently from the 

specimen sheared at a higher confining pressure (Figure 6.12), it does not show brittle 

behaviour and the maximum deviatoric stress is reached at very large strains, after 

which it slowly decreases, as observed in the case of B1-D-2500 (Figure 8-73). 

Table 8-15 summarises the peak deviatoric stress and corresponding deviatoric strain, 

for all considered cases. 
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Test qpeak (kPa) q,q peak (%) 

C1-D-200 15173 0.589 

B1-D-200 3735 1.238 

C2-D-200 7710 0.618 

Type A-D-235 1878 0.865 

Type B-D-235 1193 3.066 

Table 8-15 - Summary of the maximum deviatoric stress reached in each drained triaxial test, performed at a 

confining pressure of around 200 kPa. 

In terms of volumetric behaviour (Figure 8-96), all specimens exhibit initial contraction, 

followed by dilation.  

 

Figure 8-96 - Volumetric behaviour of the Mrieħel and Abu Dhabi specimens in drained triaxial tests, at a confining 

pressure of about 200 kPa. 

Type A and C2 seem to follow the same path up to a deviatoric strain of 1.1%, after 

which the two curves diverge possibly due to strain localisation and, as observed in the 

case of C2, the formation of cracks. In both cases, the maximum positive volumetric 

strain is very small and around 0.2%, while it is about 0.5% for both B1 and Type B. 

Although the results of Type B-D-235 may be affected by errors, it is possible to 
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observe that, the higher plasticity is responsible for a larger contraction compared to 

Type A and similar to the more plastic B1 specimen, followed by dilation when sheared 

at such low confining pressure. 

The stress ratio (Figure 8-97) shows that in all cases, except for Type B, the test has 

stopped before reaching critical state, which has been defined based on the results 

from triaxial tests on reconstituted specimens in the case of the Maltese soft rocks, and 

on the natural samples in the case of Type A and Type B. 

For this reason, in the latter case, the value assumed for M may be overestimating the 

actual stress ratio at critical state of the corresponding reconstituted material. 

 

Figure 8-97 - Stress ratio of the Mrieħel and Abu Dhabi specimens in drained triaxial tests, at a confining pressure 

of about 200 kPa. 

In Figure 8-95 it is also possible to observe a very different stiffness characterising the 

response of the soft rocks before reaching the peak deviatoric stress. As confirmed by 
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Figure 8-98, the shear stiffness is very high in the case of C1 and C2, where it seems 

to start from a very high value (although no small-strain stiffness measurements are 

available in this case) and then, after decaying to a still large value, it remains constant 

until a shear strain of 0.3%. 

The shear stiffness of B1 and Type A is comparable, although it is larger for B1, and 

remains constant (forming some kind of “plateau”) until a shear strain of 0.8-1%. 

Instead, Type B does not show a similar “plateau”, but the shear stiffness decreases 

already from the start, at small strain values. 

 

Figure 8-98 - Evolution of the shear stiffness with the level of shear strain, in the case of the Mrieħel and Abu Dhabi 

specimens, for drained triaxial tests at a confining pressure of about 200 kPa. 

Another comparison between the two soft rocks is possible considering the results of 

the triaxial tests performed at a confining pressure of 1000 kPa in the case of the 

Maltese soft rocks, and of 940 kPa in the case of the Abu Dhabi soft rocks. 
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The stress-strain behaviour in Figure 8-99 highlights the weaker nature of both Type A 

and Type B, compared to the other specimens. Type A exhibits peak behaviour and is 

characterised by the same stiffness as B1 and, in general, a stress-strain response that 

seems to be scaled down to a lower peak deviatoric stress, compared to B1. Post-

peak, in both cases, the specimens have experienced the formation of a shear band 

and strain localisation, causing a rapid decrease in the deviatoric stress. 

 

Figure 8-99 - Stress-strain behaviour of the Mrieħel and Abu Dhabi specimens in drained triaxial tests, at a confining 

pressure of about 1000 kPa. 

C1 and C2 are much stiffer and reach much higher peak deviatoric stresses as 

summarised in Table 8-16. 

 

Test qpeak (kPa) q,q peak (%) 

C1-D-1000 14900 0.827 

B1-D-1000 5486 1.764 

C2-D-1000 11083 0.716 
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Type A-D-940 4157 1.277 

Type B-D-940 2707 3.205 

Table 8-16 - Summary of the maximum deviatoric stress reached in each drained triaxial test, performed at a 

confining pressure of around 1000 kPa. 

On the contrary, Type B is the only specimen characterised by strain hardening. The 

confining pressure is such that the specimen is sheared from the wet side of critical 

state (differently than in the other cases). For this, there could be many possible 

explanations that would need to be investigated with further testing. 

As an example, three possibilities are here described. One may be related to the “low” 

degree of structure, such that the initial state at a cell pressure of 1000 kPa is still inside 

the elastic domain but such that the shear path is on the wet side of critical state. It 

may also be that an intense destructuration occurring during isotropic loading, causes 

a reduction of the degree of bonding, and the specimen experiences strain hardening. 

Destructuration may also occur during the shear phase. 

The volumetric behaviour (Figure 8-100) shows that Type A, as well as C1 and C2, is 

characterised by an initial contraction, followed by dilation. As in the case of a confining 

pressure of 200 kPa, the volumetric response of Type A and C2 (and in this case, also 

C1) is extremely similar until a deviatoric strain of about 1%. After that, strain 

localisation occurs, and Type A diverges from C2 and continues along the same path 

as C1. 

Type B is characterised by contraction only, more similar to B1, although the latter still 

shows an inversion in the volumetric strains that result, anyway, in net contraction. 

As discussed in 7.4, the numerical value of the volumetric strains reached in the case 

of Type B may be overestimated since, when compared to the volumetric strains 

developed during other triaxial tests at different confining pressures, it seems to be far 

from the general trend. 
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Figure 8-100 - Volumetric behaviour of the Mrieħel and Abu Dhabi specimens in drained triaxial tests, at a confining 

pressure of about 1000 kPa. 

The stress ratio, plotted in Figure 8-101, shows that strain localisation occurred before 

reaching critical state, defined by the stress ratio at phase transformation in the case 

of C1, B1 and C2. In the case of Type A and Type B, since the stress ratio has been 

taken based on the results in the natural soft rock, it is reached in both cases but, as 

explained above, it may be overestimating the stress ratio at critical state, since, at least 

in the case of Type A, a condition of constant volume does not seem to be reached, 

unlike Type B. 

In fact, it can be seen that the value of M assumed for the Abu Dhabi soft rock is larger 

compared to the other three cases, being 1.42 and 1.46 for Type A and B, in contrast 

to 1.34, 1.327 and 1.388 for C1, B1 and C2, respectively. 
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Figure 8-101 - Stress ratio of the Mrieħel and Abu Dhabi specimens in drained triaxial tests, at a confining pressure 

of about 1000 kPa. 

In terms of shear stiffness (Figure 8-102), Figure 8-99 has already shown that Type A 

and B1 are characterised by the same value, while C1 and C2 are much stiffer. In all 

these cases, it is possible to observe a “plateau”, where the stiffness remains nearly 

constant over a more or less large portion of shear strain. Only in the case of Type B, 

the shear stiffness seems to decrease already at small strain values. 
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Figure 8-102 - Evolution of the shear stiffness with the level of shear strain, in the case of the Mrieħel and Abu Dhabi 

specimens, for drained triaxial tests at a confining pressure of about 1000 kPa. 

8.5.6 Indirect tensile tests on natural specimens 

All three materials have been tested to measure the tensile strength through a Brazil 

test. The results are summarised in Table 8-17. 

Material Test identification t (kPa) Average t (kPa) 

C1 

C1-T1 1430 

1370 

C1-T2 1301 

B1 

B1-T1 492 

580 

B1-T2 677 

C2 

C2-T1 996 

970 

C2-T2 940 

Table 8-17 – Measured tensile strength in C1, B1 and C2 natural specimens (Mifsud, 2019). 
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The lowest tensile strength characterises B1 specimens while the highest is measured 

in the case of C1. The two tests on C2 specimens have given very similar tensile 

strength, intermediate between those of the C1 and B1 specimens. 

The tensile strength measured for Type A and Type B of the Abu Dhabi soft calcareous 

mudstone is very close to the value characterising the weaker B1 specimens. In fact, 

t is equal to 520 kPa for the stronger Type A and 440 kPa for Type B. 
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9 SIMULATION OF THE MECHANICAL BEHAVIOUR OF THE MIDDLE 

GLOBIGERINA LIMESTONE 

In the previous chapter, the Maltese soft rocks have been described from a geological 

and geotechnical standpoint, focussing on both the micro- and the macro-structural 

behaviour. Reconstituted and natural specimens have been tested in compression and 

shear, showing many similarities with other well-known soft rocks (e.g. Corinth marl, 

Chalk). 

In this chapter, the RMW constitutive model for structured clays is calibrated to simulate 

the behaviour of the three soft rocks from Mrieħel, using the calibration tool introduced 

in Chapter 5. A unique set of parameters is defined for each one of the soft rocks, 

starting from modelling their behaviour in their reconstituted state, i.e. with a one- or 

two-surfaces model, and then moving to the natural response, with the introduction of 

the structure surface (i.e. three-surfaces model). 

9.1 RMW for the reconstituted material 

The three materials are very similar in terms of particle size distribution and mineralogy. 

They are mostly characterised by silt-sized particles, while the clay-sized fraction is 

around 30% for C1 and C2, and 40% for B1. They all contain a relatively high carbonate 

content, and the clay-sized fraction consists of rock fragments and, in a small part, of 

clay minerals (in larger quantities for B1). 

In their reconstituted state, one-dimensional compression tests have been normalised 

showing a very good agreement with the ICL determined for the reconstituted clays 

(Burland, 1990), although, only at very high pressures, C1 and C2 deviate from the ICL. 

As explained in Chapter 8, this may be due to particle breakage, which occurs during 

loading along the normal compression line in uncemented carbonate sands (Coop, 

1990), but more tests are needed to prove this hypothesis. 

Since the RMW model is based on Critical State Soil Mechanics and it is used for finite 

element simulations, modelling particle breakage will not be taken into account in the 
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current research. If crushing is proved to occur in the Maltese soft rocks, discrete 

element methods (de Bono, 2013; de Bono and McDowell, 2014; Shi et al., 2015) or 

coupled FEM-DEM (Zàrate and Oñate, 2015) or DEM-XFEM (Raisianzadeh et al., 2018) 

analysis may be considered. 

The results of the isotropic compression performed to reach the desired confinement 

pressure in the triaxial cell, show a scatter in the (e, ln p) plane for the C1 and C2 

material. As explained in Chapter 8, this may be consistent with the observation done 

by other researchers on silty soils (Martins et al., 2001; Ferreira and Bica, 2006; Nocilla 

et al., 2006), reconstituted Corinth marl (Georgiannou et al., 2018), and sands with a 

small percentage of fines content (Shipton and Coop, 2015). On the other hand, it 

should be considered that the range of pressures considered is quite low, with a 

maximum of 2300 kPa, which may not be enough to observe a convergence of the 

different compression curves. 

The material behaviour in compression could be modelled using a single-surface model 

(i.e. the equivalent Modified Cam-Clay), since the specimen is loaded starting from a 

very small pressure and is elasto-plastic from the beginning. The response is governed 

by the slope of the compression line, *, while the elastic part of the response is a 

function of the swelling index *, determining the stress-dependent elastic stiffness and 

the coefficient of Poisson. 

During one-dimensional compression, for all three materials, some unloading and 

reloading cycles are performed. As explained in section 5.1.2, using a two-surfaces 

model it is possible to model a non-completely elastic unloading phase. In fact, the 

response is elastic for stresses that are within the bubble. As soon as the unloading 

phase is pushed further to lower stresses, the current stress is on the bubble surface 

and drags it together to the new stress state. The model response is a function of the 

compression and swelling indexes, the Poisson’s ratio but also the size of the bubble, 

2Rpc, and the interpolation parameters, B and , influencing the elasto-plastic 

response due to the distance between the current stress and the conjugate point. 

Finally, all specimens except for one, are sheared starting from the normal compression 

line, after isotropic compression up to the desired cell pressure. This means that the 
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shear phase is elasto-plastic from the beginning, with the current stress lying on the 

bubble and on the reference surface. The behaviour is only influenced by the 

parameters characterising the single surface model, meaning that B and  do not play 

any role since the distance is zero. 

The stress paths of all three reconstituted materials are compared in Figure 9-1 and, in 

the normalised plane, in Figure 9-2. For the normally consolidated specimens, the 

stress paths appear to become more and more rounded as the confining stress 

increases, meaning that Rendulic’s principle may become more applicable at higher 

pressures rather than at low stresses. 

 

Figure 9-1 – Triaxial undrained stress paths on reconstituted Mrieħel specimens. 
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Figure 9-2 – Normalised triaxial undrained stress paths on reconstituted Mrieħel specimens. 

It is of fundamental importance to define the points corresponding to critical state, i.e. 

the stress ratio at constant volume. As explained in Chapter 8, the point of phase 

transformation may represent the critical state condition, since it is characterised by a 

zero mean pressure increment and zero excess pore pressure increment. This condition 

is temporary, but it not influenced by the effects of strain localisation, which start 

occurring after phase transformation, leading to subsequent development of failure 

planes in the shear bands controlling the failure mechanism. 

The critical state lines have been drawn for each type of material using the stress ratio 

at phase transformation. As seen in the stress-strain plots, the material response is 

quite stiff until a change in stiffness is observed, and the material hardens until the peak 

deviatoric stress is reached. Strain hardening is accompanied by a decrease in pore 

pressure with dilative behaviour being the main cause of the observed increase in 
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strength during hardening. In the more plastic B1 reconstituted specimens, peak stress 

is reached just after the phase transformation point, without large dilation. 

The shear phase of the normally consolidated specimen is, therefore, not influenced by 

the existence of a bubble, but the RMW model is used as Modified Cam-Clay. 

Only for the overconsolidated C1 specimen, the effect of the bubble size and of the 

interpolation parameters is relevant since the current stress does not lie on the reference 

surface during unloading and during undrained shear until critical state. Note that the 

overconsolidated C1 specimen is the only one not exhibiting phase transformation. 

The constitutive model cannot simulate the stress reversal after phase transformation 

but, since this phenomenon is accompanied by strain localisation and shear planes, 

and since the constitutive model is developed under the framework of continuum 

mechanics, the attention is focussed on the material response up to phase 

transformation. 

In Chapter 5, the analysis of the RMW model parameters has been discussed, showing 

that, when the material is reconstituted, the behaviour can be modelled either with a 

single-surface or with a two-surfaces model. 

The list of parameters needed in both cases is shown in Table 9-1, where the bold 

crosses indicate the parameters that cannot be directly measured based on the 

experimental results. 

Parameter *
 *

 ’ M pc R B  

Single-surface model X X X X X    

Two-surfaces model X X X X X X X X 

Table 9-1 - List of parameters to be determined in the case of the simulation of a reconstituted material behaviour. 

As explained in paragraph 5.1.1, the reconstituted material is placed in the 

consolidometer and loaded, meaning that the sample experiences elasto-plastic 

behaviour from the beginning, as it moves along the normal compression line. For all 

simulations of the reconstituted behaviour, the value of pc has been chosen equal to 

2.5 kPa and the initial mean pressure is 5 kPa. The initial void ratio is different for each 

soft rock. In the next sections, the procedure to determine the value of each parameter 

for the three reconstituted soft rocks from Mrieħel, is explained. 
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9.1.1 C1R: parameter determination and tests simulation 

The results of the one-dimensional compression tests (Figure 8.17) are transformed in 

the bi-logarithmic (ln v, ln p) plane to determine the values of * and * (Butterfield, 

1979), and the initial void ratio. Based on the value of the stress ratio at phase 

transformation, assumed as the condition of critical state, it is possible to calculate K0 

(equal to 0.451, as explained in 8.5.2) and represent the results of the consolidometer 

and high pressure oedometer tests in terms of mean pressure. Only one unloading 

phase has been performed, after reaching the maximum pressure in the oedometer 

apparatus. 

 

Figure 9-3 - One-dimensional compression results on reconstituted C1 specimen, transformed in the bi-logarithmic 

plane with calculation of the slope of the compression and swelling lines. 

The values of * and * are equal to 0.0496 and 0.0013, respectively. The value of ln 

v corresponding to a mean pressure of 1 kPa is 0.7841, meaning a specific volume of 
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2.19. Since the initial mean pressure in the simulation is equal to 5 kPa, the 

corresponding initial void ratio is 1.0217. 

During loading, the bubble is in contact with the reference surface from the beginning, 

implying that the simulated behaviour does not depend on the size of the bubble or on 

the interpolation parameters B and . 

 

Figure 9-4 - Initial configuration of the model surfaces. 

 

The coefficient of Poisson for silty soils is generally around 0.3. A sensitivity analysis 

has been performed to evaluate the influence of its value during the oedometer and, 

later, triaxial tests, to choose the most appropriate value. The coefficient has been 

varied between 0.15 and 0.35. The results of one-dimensional compression tests show 

that there is no influence of Poisson’s ratio value during one-dimensional compression, 

as all the simulations are overlapping (Figure 9-5). 
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Figure 9-5 - Effect of the variation of the Poisson's ratio in a one-dimensional compression test. 

 

The loading phase ends at a vertical effective stress of 37900 kPa (Figure 9-6) and, as 

expected, the last point of the simulation stops at a larger void ratio (equal to 0.307) 

compared to the experimental data (equal to 0.278) (Figure 9-7). This means that the 

unloading phase will be shifted up compared to the real test result. 

In the last unloading phase, the R factor controls the portion of purely elastic strains. If 

R is 1, it means that the behaviour would be completely elastic and governed 

exclusively by the hypoelastic constants. When R is lower than 1, the current stress 

moves inside the bubble and reaches the opposite side of its surface, giving start to 

elasto-plastic strains (Figure 9-8). 
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Figure 9-6 – Comparison of the loading phase of the simulated C1R oedometer test with the experimental data. 

 

Figure 9-7 – Detail of the last loading step of the C1R-OED test, highlighting the different final void ratio. 
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Figure 9-8 - Configuration of the model surfaces at the beginning of the elasto-plastic part of the unloading phase, 

when R = 0.2. 

Based on the distance between the current stress and the conjugate point, the 

interpolation modulus Hi is calculated (equation 5-1), determining the magnitude of 

plastic strains. As explained in Chapter 5, Hi depends on two model parameters, namely 

B and , but also on *, *, R and pc. 

 𝐻𝑖 = ‖
𝜕𝑓𝑏
𝜕𝝈
‖
−2 𝐵𝑝𝑐

3

(∗ − ∗)𝑅
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9-1 

At the beginning of the elasto-plastic unloading phase, pc is around 16 MPa. Assuming 

a certain value of R<1 (e.g. R equal to 0.2) the first elasto-plastic point in unloading 

corresponds to a ratio b/bmax1 and so, independent from . This means that the initial 

value of Hi may differ only if a different B is considered. 

Based on the parameters analysis in section 5.4.1, the model response is more 

deformable when Hi is small, i.e. for small values of B. However, it is not possible to 
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define an absolute range of values for B (and ) but, through the calibration tool, several 

test simulations can be launched and compared. 

When B is 1, Hi at the beginning of the elasto-plastic phase is in the order of 4*10
7

 

kPa. Reducing B to 0.3 means reducing Hi to 1.2*10
7

, but the model response is still 

very stiff and, at the end of the unloading phase, when the vertical effective stress is 

450 kPa, the value of pc is still very high and equal to 15.1 MPa, while it is 15.8 MPa 

when B is 1. On the contrary, when B is 0.05, Hi is in the order of 0.2*10
7

. This causes 

more accumulation of plastic strains, such that pc decreases to 10.7 MPa at the end of 

the unloading phase, i.e. of about 35% of its initial value, against 5% or 1% for B equal 

to 0.3 and 1, respectively. The void ratio has increased of about 0.029. 

Figure 9-9 and Figure 9-10 graphically show the evolution of the interpolation modulus 

and of the size of the surfaces, during the unloading phase, while the change in void 

ratio is shown in Figure 9-11, where the experimental results have been shifted up to 

start from the same void ratio as the simulated test. 

 

Figure 9-9 – Evolution of the interpolation ratio during the unloading phase of the C1R-OED simulation, varying B. 
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Figure 9-10 - Evolution of the pc ratio during the unloading phase of the C1R-OED simulation, varying B. 

 

Figure 9-11 - Evolution of the model response during the unloading phase of the C1R-OED simulation, varying B. 

The evolution of the interpolation modulus is rather linear since the value of  has been 

chosen equal to 1. However, increasing the value of  is expected to generate more 

plastic strains and, consequently, a larger variation of pc. For example, when B is 0.05 
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and  is 2, the interpolation modulus decays faster (Figure 9-12), pc reduces of about 

80% of its initial value (Figure 9-13) and the void ratio increases to 0.418 (Figure 9-14). 

 

Figure 9-12 - Evolution of the interpolation ratio during the unloading phase of the C1R-OED simulation, varying . 

 

Figure 9-13 - Evolution of the pc ratio during the unloading phase of the C1R-OED simulation, varying . 
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Figure 9-14 - Evolution of the model response during the unloading phase of the C1R-OED simulation, varying . 

 

It should be noted that, compared to the ideal case analysed in Chapter 5, much lower 

values of B are needed to observe a less stiff response. This may be because pc is 

much larger (16 MPa instead of 2.2 MPa) and this quantity, to the power of three, 

determines the magnitude of the interpolation ratio. 

Based on these observations and considering that the reconstituted soft rock C1 shows 

a very rigid response in unloading, it is assumed B equal to 0.3 and  equal to 1. Larger 

values of B would give comparable response in this plane, but these values are checked 

against the results of the triaxial undrained test on the overconsolidated sample, as it 

will be shown later. 

The undrained shear phase in each triaxial test is performed after an isotropic 

compression phase (loading or loading and unloading), up to the desired cell pressure. 

As explained in Chapter 8, the ICL considered for normalisation and, in this case, to 

determine the slope of the compression line, does not take into account the scatter and 

different inclination of the experimental isotropic compression lines, but it follows the 

same slope as the k0NCL (Figure 9-15).  
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Figure 9-15 - Experimental isotropic compression phase followed by undrained shear. 

 

First, the two normally consolidated triaxial tests are simulated. The tests consist of two 

phases: an isotropic compression phase up to 700 kPa and 1400 kPa, respectively; a 

shear phase in undrained conditions, up to an axial strain of 15%. 

The initial configuration is the same as before (Figure 9-4), starting from a mean 

pressure of 5 kPa, with the bubble in contact with the reference surface in the current 

stress. The results (Figure 9-16) show the different final void ratio at the end of the 

isotropic compression phase of 700 kPa, while they coincide at the end of the ISO-

1400 phase, since that is the point used to define the ICL. 
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Figure 9-16 - Comparison between experimental and simulated isotropic compression phase. 

At the beginning of the shear phase, the current stress remained on the reference 

surface, meaning that there is no influence of the size of the bubble and the interpolation 

parameters. 

In the (e, ln p) plane, the behaviour follows a horizontal line, at constant p (Figure 

9-17). This means that the equivalent pressure to be chosen is constant during the 

shear phase, and equal to 700 kPa and 1400 kPa, respectively. 
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Figure 9-17 - Comparison between experimental and simulated TXU tests, with both compression and shear phase. 

The stress paths (Figure 9-18) of the simulated tests follow a curved shaped surface 

according to Rendulic’s principle, as also shown in the normalised plane (Figure 9-19). 

At 700 kPa, the simulated behaviour is quite good until a mean pressure of about 500 

kPa, after which, in the simulation, the mean pressure continues to decrease in order 

to reach the critical state line (chosen at phase transformation), while, in the 

experiment, the mean pressure slowly approaches the stress reversal point (i.e. of 

phase transformation). At 1400 kPa, the global behaviour seems to be in quite good 

agreement with the test. In fact, it was observed that the stress path for the less plastic 

Maltese materials becomes more and more curved with increasing cell pressure. 
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After phase transformation, the experimental curves climb up, reaching a higher stress 

ratio, but this phenomenon is also accompanied by strain localisation and development 

of shear planes, not accounted for in this research. 

The stress-strain behaviour is shown in Figure 9-20, while the evolution of the excess 

pore pressure can be seen in Figure 9-21, up to a deviatoric strain of 10%. 

 

 

Figure 9-18 - Comparison between experimental and simulated normally consolidated TXU tests. 
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Figure 9-19 - Comparison between experimental and simulated normally consolidated TXU tests in the normalised 

plane. 

Both simulations appear quite stiff up to the point in which the critical state condition is 

met. As observed for the stress paths, the critical state condition is captured better 

when the confining pressure is higher. The excess pore pressures are positive, as 

expected in the case of a normally consolidated specimen. 

During the shear phase, the behaviour is elasto-plastic and the model parameters that 

are relevant for the undrained shear phase are only the ones of the single-surface 

model. They have been carefully calibrated based on the one-dimensional compression 

test results and they well reproduce the material behaviour during loading and unloading 

in an oedometer. However, the material behaviour during shear is characterised by 

larger deviatoric strains compared to the simulation, given the same deviatoric stress. 
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The results in Figure 9-22 and Figure 9-23 reveal that the associated flow rule 

characterising the plastic strains may be not suitable for these materials. 

 

Figure 9-20 - Comparison of simulated and experimental stress-strain behaviour. 

 

Figure 9-21 - Comparison of simulated and experimental excess pore pressure. 
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Figure 9-22 - Comparison of simulated and experimental stress ratio. 

 

Figure 9-23 - Comparison of simulated and experimental flow rule. 
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At this point, the equation proposed by Lagioia et al. (1996) is used, calibrating the 

parameters a and m to evaluate the applicability of a non-associated flow rule to this 

case and, therefore, to define a plastic potential function. 

Given M equal to 1.34, a is set equal to 0.075 and m equal to 0.26, resulting in K1 and 

K2 equal to 0.16991 and 0.15509, respectively (equation 3-114). 

Consequently, all necessary quantities to determine the plastic increment ratio and the 

stress ratio are available (Figure 9-24). The corresponding plastic potential function is 

shown in Figure 9-25. 

 

Figure 9-24 - Application of Lagioia et al. (1996) plastic potential formula to better simulate the material flow rule. 
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Figure 9-25 - Plastic potential function for a = 0.075 and m = 0.26, according to Lagioia et al. (1996). 

Table 9-2 summarises the values of deviatoric stress, excess pore pressure and mean 

pressure at phase transformation, for both simulated and experimental tests. As for the 

deviatoric strain, it has been taken where the model response approaches the condition 

of constant deviatoric stress, although not exactly at its maximum. 

Test p [kPa] q [kPa] q [%] pw [kPa] 

C1R-U-700 (exp) 442.65 591.45 2.52 466.04 

C1R-U-700 (sim) 365.33 489.53 0.15 515.68 

C1R-U-1400 (exp) 735.67 987.83 2.80 1019.85 

C1R-U-1400 (sim) 713.85 956.56 0.15 1007.66 

Table 9-2 - Summary of stresses and strains at phase transformation for simulated and experimental tests. 

In the case of C1 reconstituted material, one specimen has been first compressed 

isotropically up to 1400 kPa and then unloaded until a cell pressure of 350 kPa, such 
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that the specimen is sheared starting from an overconsolidation ratio of 4. This means 

that the test can be subdivided into three phases. 

Phase 1 (isotropic compression up to 1400 kPa) is the same as for the C1R-U-1400 

test. Note that the experimental compression curve of the C1R-U-1400 and C1R-U-350 

do not coincide, although they are compressed to the same pressure (as explained in 

section 8.5.2.1) (Figure 9-26). 

Phase 2 consists of unloading the specimen until a mean pressure of 350 kPa. In this 

phase, the size of the bubble and the interpolation parameters influence the model 

response. The results of the unloading phase performed considering R equal to 0.2, B 

equal to 0.3 and  equal to 1, as in the oedometer test, is shown in Figure 9-27, 

showing a very good agreement between the experimental and the simulated unloading 

phase, ending up at the same void ratio. 

 

Figure 9-26 - Comparison between experimental and simulated isotropic compression phase for the C1R-U-1400 

and C1R-U-350, both compressed up to 1400 kPa. 
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Using the calibration tool, a study on the effect of B has been carried out. The results 

using B equal to 0.05 and 1 (as in the oedometer test) are shown in Figure 9-28. 

Although the response is already quite stiff when B is 0.3, for B=1, the final void ratio 

is lower and not the same as the experimental data. On the contrary, when B is 0.05, 

the final void ratio is much higher and does not simulate well the material response. 

Finally, the last phase consists in an undrained shear phase. The model surfaces at the 

beginning of the shear phase, considering B=0.3, are shown in Figure 9-29, together 

with the reference surface configuration prior to unloading. 

 

Figure 9-27 - Comparison between experimental and simulated unloading phase from 1400 kPa to 350 kPa. 
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Figure 9-28 – Evaluation of different values of B during the unloading phase. 

 

Figure 9-29 - Model surfaces at the beginning of the shear phase (C1R-U-350). 
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Also in this case, depending on the chosen values of R, B and , the model response 

will change. The same values used until now are kept in the shear phase. The stress 

path (Figure 9-30) seems to follow the same inclination as the experimental data and 

stops when the critical state line is reached. 

 

Figure 9-30 - Comparison between experimental and simulated TXU test with OCR=4. 

In the normalised plane (Figure 9-31), the stress path starts from p/peq equal to 0.25, 

since the overconsolidation ratio is 4. In the normally consolidated cases, p/peq is 1 at 

the beginning of the shear phase. 
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Figure 9-31 - Comparison between experimental and simulated TXU test with OCR=4, in the normalised plane. 

Similarly to the normally consolidated cases, the model response is stiffer than the 

experimental one (Figure 9-32), although it captures well the evolution of the excess 

pore pressures during the shear phase (Figure 9-33). Also in this case, a non-

associated flow rule could help describing better the plastic strain increments (Figure 

9-34 and Figure 9-35) and, consequently, the dilatancy rule of the reconstituted 

material. 
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Figure 9-32 - Comparison between predicted and experimental stress-strain behaviour, for C1R-U-350. 

 

Figure 9-33 - Comparison between predicted and experimental excess pore pressures, for C1R-U-350. 
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Figure 9-34  - Comparison between predicted and experimental dilatancy rule, for C1R-U-350. 

 

Figure 9-35  - Comparison between predicted and experimental stress ratio, for C1R-U-350. 

Similarly to the normally consolidated cases, Table 9-4 summarises the values of p, q, 

q and pw at phase transformation. Only for the excess pore pressure, it was thought 

to be also meaningful to indicate the maximum positive excess pore pressure and the 

corresponding deviatoric strain. 



 

 

541 

 

Test p [kPa] q [kPa] q [%] pw [kPa] q, pw-max [%] pw-max [kPa] 

C1R-U-350 (exp) 629.85 878.08 2.78 11.30 0.43 53.7 

C1R-U-350 (sim) 656.13 879.12 1.68 -13.78 0.36 38.82 

Table 9-3 - Summary of stresses and strains at phase transformation for simulated and experimental test. 

A summary of the model parameters that describe the behaviour of the reconstituted 

C1 specimen is presented in Table 9-4. 

Parameter *
 *

 ’ M pc R B  

Value 0.0497 0.0013 0.35 1.34 2.5 0.2 0.3 1.0 

Table 9-4 - Summary of model parameters for the simulation of the behaviour of the reconstituted C1 specimen. 

9.1.2 B1R: parameter determination and tests simulation 

To determine the model parameters for the more plastic reconstituted soft rock B1, the 

results of the one-dimensional compression tests (Figure 8.18) are transformed in the 

bi-logarithmic (ln v, ln p) plane (Figure 9-36). 

Based on the value of the stress ratio at phase transformation, considered as the 

condition of critical state, it is possible to calculate K0 (equal to 0.456, as explained in 

8.5.2.2) and represent the results of the consolidometer and high-pressure oedometer 

tests in terms of mean pressure. One unloading-reloading cycle has been performed in 

the standard oedometer apparatus, followed by compression up to about 10 MPa and 

a final unloading stage, while only one unloading phase has been performed in the high 

pressure oedometer apparatus, after reaching the maximum pressure. 

The values of * and * are equal to 0.093 and 0.0060, respectively. 

The value of ln v corresponding to a mean pressure of 1 kPa is 1.2178, meaning a void 

ratio of 2.379. Since the initial mean pressure in the simulation is equal to 5 kPa, the 

corresponding initial void ratio is 2.0018. 
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Figure 9-36 - One-dimensional compression results on reconstituted B1 specimen, transformed in the bi-logarithmic 

plane with calculation of the slope of the compression and swelling lines 

One-dimensional compression along the virgin compression line is simulated 

considering the bubble in contact with the reference surface from the beginning, as in 

Figure 9-4. This means that, in this phase, the size of the bubble or on the interpolation 

parameters do not influence the material response during loading but only during the 

unloading phase. The simulation of the oedometer test considering B equal to 0.3,  

equal to 1 and R equal to 0.2 (as for C1R) is shown in Figure 9-37 and seems in very 

good agreement with the experimental results. 

As an example, the case of a lower B and a larger , equal to 0.1 and 2, respectively, 

is shown in Figure 9-38: the values are not suitable to simulate the behaviour of the 

material during one-dimensional unloading, although these parameters should be 

validated against more tests that are unfortunately not available at the moment. 
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Figure 9-37 - Simulation of the one-dimensional compression behaviour for B1R. 

 

Figure 9-38 - Effect of the variation of B and psi on the one-dimensional unloading response of B1R. 
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Three undrained triaxial tests on normally consolidated samples are performed. In this 

case, the model behaves as a Modified Cam-Clay model, since the bubble is in contact 

with the reference surface at the start of the shearing phase. The isotropic compression 

phase up to the desired cell pressure is simulated but it should be considered that, 

although the reconstituted B1 specimens exhibited very similar paths in the (e, ln p) 

plane, the ICL considered by Mifsud (2019) for the normalisation of the stress paths 

and, in this research, for the determination of * is parallel to the k0NCL and passing 

from the (e, p) point at a mean pressure of 2300 kPa. 

The difference in void ratio between the simulated and experimental curves is shown in 

Figure 9-39. 

 

Figure 9-39 - Comparison between experimental and simulated isotropic compression phase for B1R. 
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The simulation stress paths (Figure 9-40) obey Rendulic’s principle as expected, and 

they overlap in the normalised plane (Figure 9-41). The response is consistent with that 

of a material sheared from a state on the wet side of critical state. 

 

Figure 9-40 - Comparison between experimental and simulated normally consolidated TXU tests on B1R. 

Although the test performed at a confining pressure of 2300 kPa may have experienced 

some disturbance during the shear phase, it exhibits a curved stress path, compatible 

with the normalised Roscoe surface, while this is less the case for the other two 

samples and especially for the one sheared at a confining pressure of 1400 kPa. In 

fact, while for B1R-U-700 and B1R-U-2300, the simulated stress paths end at the 

phase transformation point, this seems overestimated in the case of B1R-U-1400. 

Differently from the C1 specimens, after phase transformation, the experimental curves 

register a drop in both mean pressure and deviatoric stress along the same M line (i.e. 

M_ph.T), instead of an increase. Therefore, in this case, accounting for phase 
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transformation in the constitutive model does not seem particularly relevant also for 

further research. 

 

Figure 9-41 - Comparison between experimental and simulated normally consolidated TXU tests on B1R, in the 

normalised plane. 

The stress-strain behaviour and the evolution of the excess pore pressures during the 

shear phase are shown in Figure 9-42 and Figure 9-43, respectively. 

As for C1R, the simulated behaviour is stiffer than the experimental one, with the critical 

state condition reached at lower deviatoric strains (around 1% for all specimens). The 

B1R-U-2300 results may have been influenced by the disturbance occurred during the 

experiment and the specimen may actually be characterised by a higher stiffness than 

the one shown in Figure 9-42, which is the same as the one defining B1R-U-1400. 

Consistently with the stress-paths observations, the deviatoric stress at critical state is 

overestimated when the confining pressure is 1400 kPa (972 kPa predicted vs. 882 
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kPa experimental), while there is generally very good agreement in the maximum 

excess pore pressures simulated and measured. 

 

Figure 9-42 - Comparison of simulated and experimental stress-strain behaviour for B1R. 

 

Figure 9-43 - Comparison of simulated and experimental evolution of the excess pore pressures for B1R. 

The model parameters characterising the simulation results are the ones describing the 

single-surface model, determined from the one-dimensional compression test results. 

The larger deviatoric strains occurring during the shear phase (Figure 9-44) may 
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indicate that a non-associated flow rule could be more suitable for the material 

investigated (Figure 9-45).  

 

Figure 9-44 - Comparison between predicted and experimental stress ratio for B1R. 

Using the plastic potential function equation proposed by Lagioia et al. (1996), the 

parameters a and m have been set equal to 0.13 and 0.43, respectively. Given M equal 

to 1.327, K1 and K2 are equal to 0.4262 and 0.2300, respectively (equation 3-114). The 

resulting evolution of the plastic strain increments with the stress ratio is shown in 

Figure 9-45. The corresponding plastic potential function is shown in Figure 9-46. 
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Table 9-5 summarises the values of p, q, q and pw at phase transformation for the 

simulated and experimental test results. 

Test p [kPa] q [kPa] q [%] pw [kPa] 

B1R-U-700 (exp) 372.11 505.69 5.42 488.11 

B1R-U-700 (sim) 366.39 486.20 1.93 496.74 

B1R-U-1400 (exp) 668.83 882.31 5.94 1012.11 

B1R-U-1400 (sim) 732.88 972.53 1.93 993.62 

B1R-U-2300 (exp) 1120.11 1496.80 8.74 1589.36 

B1R-U-2300 (sim) 1158.48 1537.30 1.93 1570.65 

Table 9-5 - Summary of stresses and strains at phase transformation for simulated and experimental test on B1R. 

 

 

Figure 9-45 - Application of Lagioia et al. (1996) plastic potential formula to better simulate the material flow rule for 

B1R. 
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Figure 9-46 - Plastic potential function for non-associated flow rule proposed for B1R based on Lagioia et al. (1996). 

A summary of the model parameters that describe the behaviour of the reconstituted 

B1 specimen is presented in Table 9-6. 

Parameter *
 *

 ’ M pc R B  

Value 0.093 0.0060 0.35 1.327 2.5 0.2 0.3 1.0 

Table 9-6 - Summary of model parameters for the simulation of the behaviour of the reconstituted B1 specimen 

9.1.3 C2R: parameter determination and tests simulation 

As for the other two reconstituted specimens, to determine the values of * and *, the 

results of the one-dimensional compression tests (Figure 8.19) are transformed in the 

bi-logarithmic (ln v, ln p) plane. 

The equivalent mean pressure is calculated considering that the stress ratio 

characterising phase transformation for C2R is equal to 1.388, to which a friction angle 

of 34.3° corresponds and, consequently, the value of K0 is 0.4364 (paragraph 8.5.2.3). 

Similarly to B1R, one unloading-reloading cycle has been performed in the standard 

oedometer apparatus, followed by compression up to about 10 MPa and a final 
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unloading stage, while only one unloading phase has been performed in the high 

pressure oedometer apparatus, after reaching the maximum pressure. 

The values of * and * are equal to 0.0609 and 0.0013, respectively (Figure 9-47). 

 

 

Figure 9-47 - One-dimensional compression results on reconstituted C2 specimen, transformed in the bi-logarithmic 

plane with calculation of the slope of the compression and swelling lines. 

 

The intercept at a mean pressure of 1 kPa represents the value of ln v (equal to 0.8628), 

corresponding to a void ratio of 1.37. Since the initial mean pressure in the simulation 

is equal to 5 kPa, the initial void ratio to set in the input file to the calculation is 1.2014. 

During unloading, the model response is elasto-plastic if R is lower than 1. Also in this 

case, R is considered equal to 0.2 and the effect of B is evaluated along the unloading 

and reloading cycles.  

When B is 1, the model response is very rigid, and the reloading path follows the same 

branch as the unloading one. For B equal to 0.25 and 0.1, the unloading-reloading 
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behaviour is as shown in Figure 9-48. Although more tests are necessary to correctly 

calibrate the interpolation parameters, it is for now assumed that B is 0.25 and  is 1. 

 

 

Figure 9-48 – Effect of the variation of B on the one-dimensional unloading response. 

As for B1R, only undrained triaxial tests on normally consolidated samples have been 

performed and this does not give the possibility to validate the choices done on R, B 

and . In fact, when normally consolidated, the current stress lies on the bubble and 

coincides with its conjugate point on the reference surface: the model behaves as a 

Modified Cam-Clay model. The isotropic compression phases up to the desired cell 

pressure for each specimen are simulated (Figure 9-49). It should be considered that 

the experimental compression lines do not converge to a unique curve, at least in the 

explored range of pressures. Consequently, the isotropic compression line follows the 
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ICL assumed by Mifsud (2019), parallel to the K0NCL and passing from the (e, p) point 

at 2300 kPa. 

 

Figure 9-49 - Comparison between experimental and simulated isotropic compression phase for C2R. 

The comparison between simulated and experimental stress paths during the shear 

phase is shown in Figure 9-50. For the C2R-U-700 test, after an initial portion that 

follows a rather vertical stress path, the experimental result shifts to the left and reaches 

the point of phase transformation at a higher deviatoric stress than the simulated stress 

path. The difference between experiment and simulation is more marked for the C2R-

U-1400 test, while, as for C1R and B1R, at the highest confining pressure, the material 

response seems to comply with Rendulic’s principle. This can be observed also in the 

normalised plane (Figure 9-51). 
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Unlike B1R, the phase transformation is followed by an increase in both mean pressure 

and deviatoric stress, and a larger stress ratio is reached in the end. This phenomenon 

tends to reduce for increasing confining pressures. As explained, modelling strain 

localisation and the development of shear bands is beyond the scope of this research. 

 

Figure 9-50 - Comparison between experimental and simulated normally consolidated TXU tests on C2R. 
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Figure 9-51 - Comparison between experimental and simulated normally consolidated TXU tests on C2R, in the 

normalised plane. 

The stress-strain behaviour is shown in Figure 9-52. As for the other reconstituted 

specimen, the simulated behaviour is extremely stiff and, as observed in the stress path 

plot, the deviatoric stress at phase transformation is largely underestimated for C2R-U-

700 and C2R-U-1400, while it is comparable with the experimental one for C2R-U-

2300. 

Figure 9-53 shows a good prediction of the maximum excess pore pressure for the 

tests at a confining pressure of 700 kPa and 2300 kPa, while it is overestimated for the 

intermediate value of confining pressure (i.e. 1400 kPa). 
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Figure 9-52 - Comparison of simulated and experimental stress-strain behaviour for C2R. 

 

Figure 9-53 - Comparison of simulated and experimental excess pore pressures for C2R. 

Table 9-7 summarises the values of p, q, q and pw at phase transformation for the 

simulated and experimental test results. 

Test p [kPa] q [kPa] q [%] pw [kPa] 
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C2R-U-700 (exp) 421.78 577.01 2.26 466.16 

C2R-U-700 (sim) 356.30 494.56 0.56 510.94 

C2R-U-1400 (exp) 859.40 1199.92 2.11 928.06 

C2R-U-1400 (sim) 713.55 990.41 0.56 1023.23 

C2R-U-2300 (exp) 1161.75 1617.27 4.14 1594.33 

C2R-U-2300 (sim) 1128.13 1565.83 0.56 1617.73 

Table 9-7 - Summary of stresses and strains at phase transformation for simulated and experimental test on C2R. 

Also in this case, the difference in deviatoric stains developed prior to critical state is 

researched in the associated flow rule characterising the model (Figure 9-54). In fact, 

plotting the plastic strain increments against the stress ratio, it can be seen that a better 

simulation of the experimental behaviour could be obtained using the plastic potential 

function equation proposed by Lagioia et al. (1996), with a and m equal to 0.03 and 

0.15, respectively. Given M equal to 1.388, K1 and K2 are equal to 0.1306 and 0.0405, 

respectively (equation 3-114). The resulting evolution of the plastic strain increments 

with the stress ratio is shown in Figure 9-55. The corresponding plastic potential 

function is shown in Figure 9-56. 

 

Figure 9-54 - Comparison between predicted and experimental stress ratio for C2R. 
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Figure 9-55 - Application of Lagioia et al. (1996) plastic potential formula to better simulate the material flow rule for 

C2R. 

 

Figure 9-56 - Plastic potential function for non-associated flow rule proposed for C2R based on Lagioia et al. (1996). 
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A summary of the model parameters that describe the behaviour of the reconstituted 

B1 specimen is presented in Table 9-8. 

Parameter *
 *

 ’ M pc R B  

Value 0.0609 0.0013 0.35 1.388 2.5 0.15 0.25 1.0 

Table 9-8 - Summary of model parameters for the simulation of the behaviour of the reconstituted C2 specimen 

9.2 RMW for the natural material 

In Chapter 5, the analysis of the RMW model parameters has been discussed, showing 

that, when the material is structured, the behaviour should be modelled introducing the 

structure surface, i.e. the case of the three-surfaces model. The list of parameters 

needed for single-, two- and three-surfaces model is shown in Table 9-9, where the 

bold crosses indicate the parameters that characterise a constitutive model rule but 

cannot be directly measured based on the experimental results. 

 

Parameter *
 *

 ’ M pc R r0 B  A k 0 

Single-surface model X X X X X        

Two-surfaces model X X X X X X  X X    

Three-surfaces model X X X X X X X X X X X X 

Table 9-9 - List of parameters to be determined in the case of the simulation of a natural material behaviour. 

In this section, the parameters determined to simulate the behaviour of the reconstituted 

material (single- and two-surfaces model) are validated and, when necessary, 

modified, to reproduce the behaviour of the Maltese soft rocks under different loading 

conditions. In fact, the value of pc should be modified to represent the size of the 

reference surface with respect to the initial void ratio and mean pressure of the natural 

specimens, unlike the case of the reconstituted specimens where the behaviour was 

simulated starting from a small initial cell pressure of 5 kPa. The determination of pc is 

of fundamental importance because, based on the chosen value of pc and the factors 

R and r0, the bubble and the structure surface are determined. 

As shown in the previous chapter, for each one of the three Maltese soft rocks three 

drained triaxial tests have been performed, starting from variable void ratios, especially 

in the case of C1 due to the presence of heterogeneities in the samples, while B1 and 
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C2 are more homogeneous. The specimens are all located on the dry side of critical 

state or immediately close to it. 

In addition, high-pressure oedometer tests have been performed, up to a vertical stress 

of about 37 MPa. This seemed to be enough to fully develop gross yield in both B1 and 

C2 material, while C1 still exhibits very stiff behaviour, and no clear gross yield could 

be determined. For this reason, C1 has been discarded from this part of the research 

since a correct determination of r0 could not be ensured. 

The one-dimensional compression tests were performed using an oedometer 

apparatus that allows for the measurement of the horizontal stress and, therefore, of 

the variation of the coefficient K0. The results of the oedometer tests were transformed 

into the (e, ln p) plane and analysed together with the behaviour of the C2 natural 

material in isotropic compression. In fact, only in the case of C2, an isotropic 

compression test was successfully performed, until a cell pressure of 60 MPa was 

reached. This test was chosen as the starting point for the simulation of the C2 natural 

behaviour since it allows to identify the size of the reference surface and the value of 

the factor of structure r0. Furthermore, it allows to explore the capabilities of the RMW 

constitutive model along different stress paths such that, the final set of values would 

be representative of the complexities of the behaviour of such material not only in some 

specific loading and boundary conditions, but in its entirety. 

Afterwards, the behaviour of the natural B1 material has been simulated, determining 

the value of r0 based on the high-pressure oedometer tests. 

Most of the model parameters have been kept equal to the ones of the corresponding 

reconstituted material, as outlined in Chapter 5, while A and k have been determined 

based on the observations done in paragraph 5.4.2. 

9.2.1 C2N: parameter determination and tests simulation 

The isotropic compression results of the C2 natural specimen show a material that 

exists well-beyond the intrinsic normal compression line (paragraph 8.5.4). The model 

surfaces dimension is determined as illustrated in Figure 9-57 and described below. 
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Figure 9-57 – Indication of the points considered to determine the model surfaces dimension based on the isotropic 

compression results on the natural and reconstituted C2 specimen. 

The intersection between the INCL
*

 and the compression result has been taken as the 

boundary of the reference surface and it is equal to 4402 kPa. 

The ratio of the gross yield (16.23 MPa) to the pressure indicating the size of the 

reference surface (4.4 MPa) represents the factor of structure r0, equal to 3.68. 

Chapter 8 has shown that the soft rocks from Mrieħel experience plastic strains and 

destructuration already before reaching gross yield, meaning that a small bubble is 

more suitable to simulate their behaviour. Unfortunately, there is no evidence of the 

actual extension of the elastic domain in the case of the Mrieħel specimens and more 

tests involving stress reversals should be done to quantify the portion of purely elastic 

strains. Therefore, it is assumed that the value of R is equal to 0.17. Note that 0.15 had 

been initially chosen, as in the case of the reconstituted material, but instabilities of the 

test driver have required to choose a slightly larger value. The tests on the reconstituted 

material have been repeated for consistency and were not affected by this change. 
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Considering that an in-situ material is in equilibrium with the in-situ stresses, the yield 

envelope should be centred on the in-situ stress state (Vaughan, 1997). Accordingly, 

it is assumed that the yield surface is centred on the initial stresses applied in the test, 

after verifying the condition of non-intersection between the yield and the structure 

surface. Therefore, for the simulation of the isotropic compression test, the bubble is 

centred at a mean pressure of 500 kPa and extends from p equal to 148 kPa to p equal 

to 852 kPa. 

The initial configuration of the model surfaces for the simulation of tests on C2 natural 

specimens is shown in Figure 9-58. 

 

Figure 9-58 - Initial configuration of the model surfaces for the simulation of tests on C2 natural specimens. 

The values of the slopes of the normal compression line and of the swelling line in the 

(ln v, ln p) plane are, according to the model definition, the same as the ones for the 

reconstituted material: 0.0609 for * and 0.0013 for *. As a matter of fact, the value 

of *NAT is equal to 0.1155 (Figure 9-59), much higher than the reconstituted value, 

meaning that the natural specimen tends to the intrinsic compression line as a result of 

destructuration. Therefore, the model uses the value of the slope of the intrinsic 
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compression line but, through the destructuration rule and appropriately calibrated 

values of the velocity of destructuration k and the plastic strain contribution to 

destructuration A, its compressibility increases. 

The value of * contributes, together with the coefficient of Poisson, to define the elastic 

constants of the natural material. The coefficient of Poisson has been chosen equal to 

0.15, while it was 0.35 for the reconstituted material since more similar to a silt. 

However, as in paragraph 9.1.1, the coefficient of Poisson has been varied between 

0.15 and 0.35, obtaining the same results. 

By model definition, the stress ratio at critical state is the same as for the case of the 

reconstituted material: it is equal to 1.388 and determined from the interpolation of the 

phase transformation points observed during the undrained triaxial tests on the 

reconstituted C2 specimens. 

 

Figure 9-59 - Indication of the slope of the intrinsic and natural compression line, relative to C2. 
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The remaining parameters are B, , k, A and 0, which can be calibrated according to 

the strategy proposed in Chapter 5. As discussed in 5.4.3, for a natural material, all 

parameters act at the same time while the bubble moves inside the structure surface 

and, only when the current stress coincides with the conjugate point, the model 

response is independent from B and . 

Since it is not possible to isolate the contribution of B and , at first k and A are set to 

1 and 0.25, respectively. The value chosen for A indicates that the destructuration strain 

d is given, in its incremental form, by: 

 

휀�̇� = √0.75(휀�̇�
𝑝)
2
+ 0.25(휀�̇�

𝑝)
2
 9-2 

This means that more relative contribution to destructuration comes from plastic 

volumetric strains with respect to plastic deviatoric strains. However, as discussed in 

paragraph 5.4.2.2, only when A is 0 or 1, one of the two plastic strain components is 

completely excluded from destructuration. In the other cases, both components 

contribute, and the magnitude of each strain is of fundamental importance. 

For a stress path where the developed plastic deviatoric strains are much higher than 

the plastic volumetric strains, according to equation 9-2, the resulting contribution of 

휀𝑞
𝑝

 may be still higher than the one resulting from the low 휀𝑣
𝑝

, even when a low but not 

zero value of A is considered. 

Therefore, the value of A in this case has been chosen considering that the experimental 

investigation (Chapter 8) has shown that the soft rock is more sensible to stress paths 

in compression rather than shear. 

During isotropic compression, only plastic volumetric strains develop and equation 9-2 

becomes: 

 휀�̇� = (휀�̇�
𝑝)√0.75 

9-3 

However, the chosen values for each parameter will be verified against all laboratory 

tests performed on the same material. 

9.2.1.1 High-pressure isotropic compression 

The first simulated test is the high-pressure isotropic compression. Considering that 0 

has no marked influence on the model response during isotropic compression 
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(paragraph 5.4.2.3), its value is set equal to zero and will be reconsidered for other 

stress paths. 

The starting values of B and  are the same as in the case of the simulation of the C2 

reconstituted behaviour (paragraph 9.1.3), i.e. 0.25 and 1, respectively. Both 

destructuration parameters are also going to be varied for the isotropic compression 

simulation, after having shown the effects of the variation of B and  on the pre-gross 

yield response. 

For the parameter B, the results are compared with the ones obtained setting B equal 

to 1 and 5, which should give a stiffer response. In fact, in the (e, ln p) plane (Figure 

9-60), the variation in void ratio is larger for lower values of B, up to point in which the 

bubble touches the structure surface. After that, the three curves converge, since the 

model behaviour becomes independent from B. A magnified version of the same graph 

is shown in Figure 9-61, highlighting the larger plastic volumetric strains occurring in 

the case of B equal to 0.25. 

 

Figure 9-60 - Representation of the isotropic compression results, for varying B, given A=0.25, k=1 and =1. 
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Figure 9-61 - Magnified representation of the isotropic compression results, for varying B, given A=0.25, k=1 and 

=1. 

The magnitude of the plastic strains depends on the plastic modulus and especially on 

the plastic interpolation modulus Hi when the bubble moves inside the structure 

surface. In section 5.4.1.2, it was discussed that, considering a variation of B only, the 

first elasto-plastic point occurs at the same mean pressure in isotropic compression in 

all cases. Therefore, the initial value of the normalised distance is also the same but the 

initial plastic interpolation moduli differ from each other by exactly a factor B (Figure 

9-62). As expected, a high value of Hi means lower plastic volumetric strains (Figure 

9-63), explaining the very stiff behaviour observed in the (e, ln p) plane. 

Although the normalised distance b/bmax starts from the same value in all cases since 

the initial conditions and the first elasto-plastic point are independent from B (and ), 

at larger pressures, the curves diverge from each other, especially in the case of B 

equal to 0.25 (Figure 9-64). 

This means that, at the same applied isotropic pressure, when B is 0.25, the current 

stress is more distant from the conjugate point with respect to the other two cases. 
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Figure 9-62 - Evolution of the plastic interpolation modulus during isotropic compression, for all values of B, given 

A=0.25, k=1 and =1. 

 

Figure 9-63 - Evolution of the plastic volumetric strains during isotropic compression, for all values of B, given 

A=0.25, k=1 and =1. 
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In fact, Figure 9-60 also shows that a lower value of B moves towards higher mean 

pressures the point of null distance between current stress and conjugate point (b=0). 

 

Figure 9-64 - Evolution of the normalised distance during isotropic compression, for all values of B, given A=0.25, 

k=1 and =1. 

Furthermore, Figure 9-65 shows that pc, regulating the size of all model surfaces, starts 

increasing almost immediately when B is 0.25 (larger plastic volumetric strains). On 

the contrary, when B is 5, pc remains roughly the same and, at gross yield, it is only 

1.03 times its initial value. At the same pressure of 16.38 MPa, pc/pc,0 is about 1.32 

for B=0.25. A graphical representation of the bubble and structure surfaces for B equal 

to 0.25 and 5 shows the differences in distance in the two cases (Figure 9-66). 

When B is 1, the behaviour is intermediate between the two extreme values, as 

expected, but closer to the case of B equal 5. 
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Figure 9-65 - Evolution of pc with respect to its initial value during isotropic compression, for all values of B, given 

A=0.25, k=1 and =1. 

 

Figure 9-66 - Structure and yield surface at the same mean pressure, for B equal 0.25 and 1, given A=0.25, k=1 

and =1. 
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It should be mentioned that the size of the structure surface is influenced not only by 

pc (increasing due to positive volumetric hardening) but also by r, that decreases due 

to destructuration. During isotropic compression, destructuration depends on plastic 

volumetric strains only and, consequently, it brings to a larger reduction of r for lower 

B values (Figure 9-67). However, the increase in pc is dominating in this case and the 

resulting size of the structure surface is larger when B is 0.25 (18 MPa) compared to 

B equal to 5 (16.3 MPa). 

 

Figure 9-67 - Evolution of r with respect to its initial value during isotropic compression, for all values of B, given 

A=0.25, k=1 and =1. 

Based on the comparison between the simulations and the experimental result, the 

behaviour pre-gross yield seems to be captured better with lower values of B. 

The parameter  is the exponent of the normalised distance, that decreases from 1 to 

zero. As explained in paragraph 5.4.1.1, larger values of  reduce more and more the 

normalised distance and, consequently, the plastic interpolation modulus, such that 

more plastic strains are generated and a larger reduction of void ratio can be observed 

in the (e, ln p) plot. In Figure 9-68, the cases of  equal to 0.5 and 1.5, are compared 

to the previous simulation, where  is equal to 1. 
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The main difference is seen in the points of gross yield, i.e. the points where a 

significant change in the compression curve is observed. For a larger values of , gross 

yield occurs at a lower mean pressure but before this, the three curves are coincident. 

It can also be observed that there are only two points indicating the moment in which 

the current stress has become coincident with its conjugate point. In fact, when  is 

equal to 1.5, the size pc increases more due to the larger amount of generated plastic 

volumetric strains and the two surfaces never get in contact. 

 

Figure 9-68 - Representation of the isotropic compression results, for varying , given A=0.25, k=1 and B=0.25. 

At this moment, the values of B and  calibrated for the reconstituted C2 have been 

confirmed (0.25 and 1, respectively) and the variation of k and A is considered, for the 

same isotropic compression test. 

Differently from paragraph 5.4.2.1, where the bubble was positioned such that current 

stress and conjugate point would coincide from the beginning, the effect of both 

destructuration parameters may be seen also in the pre-gross yield behaviour. 

The velocity of destructuration has been set to 0.5 and 1.5, to be compared with the 

previous case where it was 1. As a matter of fact, the three curves coincide in the (e, 

ln p) plane until a mean pressure of about 10 MPa is reached (Figure 9-69). The plastic 
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volumetric strains are about 1% up to that point, and only an even smaller portion 

contributes to destructuration (Figure 9-70). For larger mean pressures, the three 

curves start diverging but the current stress is already very close to gross yield, which 

occurs at slightly higher values for lower k values. 

 

Figure 9-69 - Isotropic compression results up to a void ratio of 0.4, for varying k, given A=0.25, =1 and B=0.25. 

 

Figure 9-70 - Evolution of the plastic volumetric strains during isotropic compression, for varying k, given A=0.25, 

=1 and B=0.25. 

In the (e, ln p) plane (Figure 9-71), after gross yield, when k is 0.5, the curve seems 

to have a constant inclination in the semi-logarithmic plane, slightly larger with respect 

to the INCL
*

. When k is 1.5, the curve has initially a higher inclination compared to the 
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experimental curve, with a larger reduction in void ratio at the same mean pressure. 

However, for increasing mean pressures, the curve changes and crosses the 

experimental result at about 38 MPa, keeping an inclination parallel to the INCL
*

. 

A similar behaviour is observed when k is 1, although the simulation follows quite well 

the experimental results and, only at very high pressure, it starts diverging from it. 

These cases show that there is no linear dependency between the velocity of 

destructuration and the destructuration itself. A higher velocity of destructuration may 

be interpreted as a faster convergence of the simulation towards a completely 

destructured state but, at high pressures, the curve diverges and becomes parallel to 

the INCL
*

.  

 

Figure 9-71 - Isotropic compression results, for varying k, given A=0.25, =1 and B=0.25. 

To explain this behaviour, it should be considered that, during an isotropic compression 

test, the plastic volumetric strains intervene into two opposite phenomena: positive 

isotropic hardening, causing an increase in pc; destructuration, with a reduction of 

structure r. While the entire magnitude of the plastic volumetric strains linearly 

contributes to the first (Figure 9-72), only a portion regulated by A contributes to the 
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second. Furthermore, the destructuration law depends on the current factor of structure 

(equation 9-4): 

 
�̇� = −

𝑘

∗ − ∗
(𝑟 − 1)휀�̇� 9-4 

When the higher velocity of destructuration has caused a rapid reduction of r, further 

plastic loading corresponds to a smaller negative increment of the factor of structure, 

which seems to have reached a constant value, with respect to the case of k equal to 

0.5 (Figure 9-73). 

Finally, for the parameter A, considering that the experimental evidence has shown a 

high susceptibility of the soft rock to compressive stress paths, a variation between 0.1 

and 0.4 is here evaluated. The condition of A=0 is excluded since it means that the 

deviatoric strains that develop when the material is subjected to other stress paths (e.g. 

triaxial) would not have any influence on the destructuration process. 

Also any value of A equal to or larger than 0.5 is excluded since it would not be 

representative of the problem at hand, letting a larger portion of deviatoric strains to 

contributing to destructuration. 

In the (e, ln p) plane, a value of A equal to 0.1 gives a simulated results slightly closer 

to the experimental data although the difference is minimal (Figure 9-74). 

A summary of the model parameters resulting from the calibration of the isotropic 

compression test is shown in Table 9-10 and will be verified against the other laboratory 

tests performed on the same C2 soft rock, as illustrated in Chapter 8. 

*
 *

 ’ M pc R r0 B  A k 0 

0.0609 0.0013 0.15 1.388 2202 0.17 3.68 0.25 1 0.1 1 0 

Table 9-10 - Summary of model parameters for the simulation of the behaviour of the natural C2 specimen, calibrated 

against the high-pressure isotropic compression test. 
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Figure 9-72 - Evolution of pc with respect to its initial value during isotropic compression, for varying k, given 

A=0.25, =1 and B=0.25. 

 

Figure 9-73 - Evolution of r with respect to its initial value during isotropic compression, for varying k, given A=0.25, 

=1 and B=0.25. 
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Figure 9-74 - Isotropic compression results, for varying A, given k=1, =1 and B=0.25. 

9.2.1.2 One-dimensional compression 

Starting from the same set of parameters presented in Table 9-10, one-dimensional 

compression tests have been simulated and compared to the experimental results 

presented in section 8.5.3.3. The results are plotted in the (e, log v) plane in Figure 

9-75. 

The simulated behaviour pre-gross yield is well captured, confirming the correctness 

of the calibration of the model parameters and, in particular, of B and . However, the 

point of gross yield occurs at lower stresses compared to the experimental data. 

The oedometer test data are transformed in the (e, ln p) plane, starting from the same 

void ratio and plotted together with the experimental results and the simulation of the 

isotropic compression test (Figure 9-76). 
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Figure 9-75 - One-dimensional compression results, compared to the experimental data, using the parameters in 

Table 9-10.  

 

Figure 9-76 - 1D and isotropic compression results compared to the experimental data transformed to mean 

pressure, p. 
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Since gross yield occurs at a lower mean pressure compared to the case of the 

isotropic compression, more plastic strains develop, and they result in a more rapid 

reduction in void ratio. 

The behaviour observed in the simulation is consistent with the elliptical shape of the 

model surface(s), as explained in Figure 9-77, and with the principles of Critical State 

Soil Mechanics (as discussed in 8.5.3.3). 

At the mean pressure corresponding to moment in which the current stress coincides 

with its conjugate point during one-dimensional compression, the bubble in isotropic 

compression is still far from the structure surface. Note that in Figure 9-77, only the 

bubble surface is plotted for the isotropic compression test, since the other two 

surfaces are only slightly different due to a different evolution of pc and r based on the 

plastic strains. 

 

Figure 9-77 - Model surfaces at the point of b=0 during an oedometer test, using the parameters in Table 9-10, and 

compared to the bubble during an isotropic compression test, at the same mean pressure. 

It seems that it is not enough to distribute the contribution to the destructuration process 

by means of A, since in both cases, the plastic volumetric strains are dominating as 

expected. 
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Two possible modifications to the constitutive laws may be required to capture the soft 

rock behaviour. One consists of adopting different equations for the model surfaces, 

such that the shape is more similar to the State Boundary Surface proposed by Mifsud 

(2019) and shown in Figure 9-78. 

 

Figure 9-78 – Normalised experimental results on C2 natural and reconstituted specimen, showing the hypothetical 

state boundary surface assumed by Mifsud (2019). 

Another modification acts on the destructuration law. According to the original 

constitutive rules, destructuration is described through equation 9-4, where a single 
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parameter, k, has the function of amplifying or de-amplifying the destructuration 

process. However, the velocity of destructuration k seems to be stress path dependent 

(as it will be observed also in the simulation of the triaxial tests) and may require an 

evolution of its value with the stress path. 

To demonstrate this last point, the same test is simulated using the same model 

parameters except for k, which is lowered to 0.5 (from the original value of 1). The 

results in the (e, log v) plane (Figure 9-79) show a significant improvement compared 

to the previous simulation. The parameter k seems to increase slightly the gross yield 

stress and improve the post-gross yield behaviour, such that the material structure 

degrades more gradually.  

 

Figure 9-79 - One-dimensional compression results for k equal to 0.5 and 1, compared to the experimental data. 

The results have been transformed in the (e, ln p) plane (Figure 9-80), showing that 

the points of gross yield in the case of the isotropic compression coincides with the 

one of the oedometer test performed with a lower velocity of destructuration. 

Post-gross yield, the model seems to follow the experimental curve although, as seen 

in the case of the isotropic compression, at higher pressures the destructuration 

process may slow down while the positive volumetric hardening may bring to a 

constant increase of the size pc (Figure 9-81). 
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Figure 9-80 - One-dimensional compression results for k equal to 0.5 and 1, transformed to mean pressures and 

compared to the experimental data of both 1D and isotropic compression tests. 

 

Figure 9-81 – Evolution of pc and r with respect to their initial values, when the velocity of destructuration is 0.5, 

during a one-dimensional compression test. 
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9.2.1.3 Drained triaxial tests 

Three drained triaxial tests are simulated. The initial model surfaces configuration is 

similar to Figure 9-58 but with the bubble surface centred in 374.35 kPa, corresponding 

to Rpc. In fact, positioning the bubble centre at the confining pressure of the first test, 

equal to 200 kPa, would mean that the bubble intersects the structure surface and 

extends to the negative side of the isotropic axis. 

The tests are performed considering the same parameters as in Table 9-10 but with a 

velocity of destructuration of 0.5 as for the oedometer test. 

Apart from the test at the lowest confining pressure of 200 kPa, consisting of a single 

shear phase in drained conditions, the other two tests consist of an isotropic 

compression phase up to the desired cell pressure, followed by a drained shear phase. 

Only in the first case, the behaviour during shear is initially elastic. In the other two 

cases, given that 2Rpc is equal to 748.70 kPa, the current stress touches the bubble 

surface during the isotropic compression phase. 

In Figure 9-82, a representation of the model surfaces at the beginning of any of the 

simulated test is shown, together with the experimental stress paths. 

All triaxial tests are on the dry side of critical state. Therefore, during the elasto-plastic 

shear phase of each simulated test, the structure surface contracts due to the 

superimposition of negative volumetric hardening, reducing pc, and destructuration, 

reducing r. From Figure 9-82 it can be already observed that, given the size of the model 

surfaces, the peak deviatoric stress in the case of C2-D-1000 and C2-D-2500 will not 

be captured. In fact, even if, during the elasto-plastic portion of the isotropic 

compression phase, positive volumetric strains develop, they are not sufficient to 

expand the structure surface enough to make the stress path fall within the surface. 

The stress paths in Figure 9-83 show that, although the simulation follows the 

inclination 1:3 in the (q, p) plane, the reached peaks are lower than the experimental 

ones, even for the case of a confining pressure of 200 kPa. The stress strain behaviour 

not only confirms this but also shows a more deformable behaviour (Figure 9-84). 
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Figure 9-82 - Representation of the initial model configuration and of the experimental triaxial stress paths. 

 

Figure 9-83 – Comparison of stress paths of experimental and simulated TXD tests on C2. 
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Figure 9-84 – Comparison of stress-strain behaviour of experimental and simulated TXD tests on C2. 

Consequently, qpeak is reached at much higher deviatoric strains, compared to the 

experimental results. After peak, the behaviour is characterised by softening. It should 

be mentioned again that, since the constitutive model is based on continuum 

mechanics and the post-peak behaviour is associated with cracks and strain 

localisation, its simulation is beyond the scope of this research and possible future 

developments will be discussed in Chapter 10.  

In terms of volumetric strains (Figure 9-85), the simulated behaviour consists of a very 

short initial contraction, followed by dilation, in all three cases. For the lowest confining 

pressure, the contractive portion is slightly larger. The behaviour is quite different 

compared to the experimental data, especially at a confining pressure of 2500 kPa 

where the response is contractant only. 

The difference in stiffness and volumetric response can be observed also in terms of 

stress ratios (Figure 9-86), where all tests seem to be far from critical state, and 

dilatancy rule (Figure 9-87). In the latter, the points relative to each test seem to climb 

a vertical line at a constant plastic increment ratio until the peak stress ratio is reached. 
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After this point, they invert their direction, moving towards a zero plastic strain 

increment. 

 

Figure 9-85 - Comparison of strain behaviour of experimental and simulated TXD tests on C2. 

 

Figure 9-86 - Comparison of stress ratios of experimental and simulated TXD tests on C2. 



 

586 

 

 

Figure 9-87 - Comparison of the dilatancy rule of experimental and simulated TXD tests on C2. 

Considering the triaxial test performed at a confining pressure of 200 kPa, the simulated 

response shows that the maximum deviatoric stress is reached before the bubble 

touches the structure surface. 

The model surfaces configuration at qpeak is shown in Figure 9-88. 

The difference in the size of the reference surface is due to the negative plastic 

volumetric strains already developed before reaching the peak deviatoric stress. At the 

same time, the structure surface changes its size due to both negative isotropic 

hardening and destructuration. In Figure 9-89, it is shown the variation of pc, r and the 

resulting rpc, with respect to each own initial value, up to the deviatoric strain 

corresponding to qpeak. At the maximum deviatoric stress the structure surface has 

reduced its dimension of 25%. 

Furthermore, it should be observed that, after having reached peak, the deviatoric stress 

decreases, although the bubble is still not in contact with the structure surface. 
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Figure 9-88 - Representation of the model surfaces at the beginning and a qpeak during the simulated C2-D-200 test. 

 

Figure 9-89 – Evolution of pc, r and rpc with respect to their initial values, up to qpeak, during the simulation of C2-

D-200. 
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During the elasto-plastic phase prior to the condition b=0, both the interpolation 

parameters B and , and the destructuration parameters A and k, affect the model 

response. In Figure 9-90, the plastic volumetric and deviatoric strains and the 

corresponding destructuration strain are shown. The first two are coincident, meaning 

that the destructuration strain does not change for any value of A that is not 0 or 1. 

A much lower value of the velocity of destructuration k may slow down the 

destructuration process but it would have effects on both pre- and post-gross yield. 

The parameter B has shown to highly influence the value of the interpolation modulus 

Hi and, therefore, the plastic strains but, increasing its value from 0.25 to 1, greatly 

affects the isotropic compression simulation. On the contrary, the parameter  does 

not affect the simulation of the isotropic compression significantly but, as shown in 

Chapter 5, it influences the response during a triaxial simulation, since the normalised 

distance is much smaller. 

In fact, while during the simulated isotropic compression, the normalised distance 

starts from 1, during the simulation of the C2-D-200 test, the initial value is about 0.5. 

 

Figure 9-90 – Evolution of the plastic volumetric and deviatoric strains, and the corresponding damage strain, during 

the simulation of C2-D-200. 
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Figure 9-91 – Normalised distance up to qpeak, for =1, during the simulation of C2-D-200. 

The effect of  equal to 0.65 on the normalised distance is shown in Figure 9-92. 

When the value of  is smaller, not only the normalised distance is larger but also, the 

condition of null distance between the current stress and the conjugate point is reached 

at a smaller deviatoric strain, corresponding to a higher deviatoric stress. 

In fact, Figure 9-93 shows the evolution of the model surfaces during a C2-D-200 test, 

up to the point of b=0, which in this case also corresponds to the peak deviatoric 

stress. 

Compared to the previous case, the reduction of the size of the structure surface due 

to both negative volumetric hardening and destructuration is more limited. 

As shown in Figure 9-94 and Figure 9-95, the peak deviatoric stress is larger and occurs 

at a lower deviatoric strain, such that the elasto-plastic response is quite stiff. This is 

observed for all tested confining pressures. 

When compared to the experimental results (Figure 9-96), it can be seen that the peak 

deviatoric stress is well captured by the simulation of the test performed at the lowest 

confining pressure, while it is still underestimated for the other two cases, as expected 

due to the initial size of the model surfaces (Figure 9-82).  
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Figure 9-92 – Comparison of the normalised distance up to qpeak, for  equal to 0.65 and 1, during the simulation 

of C2-D-200. 

 

Figure 9-93 - Representation of the model surfaces at the beginning and a qpeak  b=0 during the simulation of the 

C2-D-200 test. 
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Figure 9-94 – Stress-strain response of C2 drained triaxial tests, for different confining pressures and  equal to 

0.65 and 1. 

 

Figure 9-95 - Comparison of stress ratios of TXD test simulations on C2, for  equal to 0.65 and 1. 



 

592 

 

 

Figure 9-96 – Comparison of stress-strain behaviour of experimental and simulated TXD tests on C2, with =0.65. 

The volumetric response (Figure 9-97) is very similar to the previous case, although a 

better simulation of the C2-D-200 test is achieved, with a larger contractant portion. 

 

Figure 9-97 – Comparison of volumetric behaviour of experimental and simulated TXD tests on C2, with =0.65. 
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However, in all cases, the simulated response is still softer and, in particular, this is 

observed also at very small strains, when the behaviour is purely elastic. 

d’Onofrio et al. (1998) have shown that, in the case of two structured clays (Vallericca 

clay and Bisaccia clay), fabric and interparticle bonding affect the initial shear modulus 

of the material, which is always higher than the one measured in the corresponding 

reconstituted material, at the same state and stress history. Similar considerations have 

been done by Cuccovillo and Coop (1997), who also observed that for the calcarenite 

taken into consideration in their research, it was found that due to bond degradation the 

contribution of structure to stiffness reduced. As a consequence, as the state of the 

intact soil approached the normal compression line, the value of the shear stiffness 

tended to decrease and converge towards the value of G of the reconstituted soil. 

However, the RMW model is based on the definition of * with reference to the 

reconstituted material. 

In this research, a modification to the elastic stiffness is introduced by considering *, 

and consequently, the elastic stiffness, as a function of the magnitude of structure r. 

This represents an improvement to the constitutive model also when used for 

simulating the behaviour of natural clays. 

9.2.1.4 Modelling the elastic stiffness for bonded materials 

The proposed modification introduces a value of *nat calculated as: 

 𝑛𝑎𝑡
∗ =

∗

𝑟
 

9-5 

When r is 1, i.e. the material is in its reconstituted or completely destructured state, 

*nat  *, while for structured materials, *nat < *, and therefore, at the same pressure 

the bulk modulus (equation 9-6) is larger: 

 𝐾 =
𝑝

∗
 

9-6 

The value of *nat is updated during the analysis such that it decreases together with 

the decrease of r induced by destructuration.  
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In the case of C2, a summary of *nat values for different confining pressure and 

magnitude of structure, and the corresponding bulk and shear modulus, for  equal to 

0.15 and * equal to 0.0013, is shown in Table 9-11. 

p [kPa] r [-] *

nat [-] K [kPa] G [kPa] Knat [kPa] Gnat [kPa] 

200 3.680 0.00035 153.85 140.47 566.15 516.92 

1000 3.677 0.00035 769.23 702.34 2830.77 2584.62 

2500 3.661 0.00036 1923.07 1755.85 7038.46 6426.42 

Table 9-11 - Comparison of the elastic parameters characterising the structured and the destructured material. 

 

The simulation of the triaxial tests compared to the case with * is shown in Figure 9-98 

and Figure 9-99. A great improvement can be observed in terms of initial stiffness and 

in the overall simulation response, although the peak deviatoric stress is 

underestimated for the two higher confining pressures, as expected. 

 

 

Figure 9-98 - Stress-strain response of C2 drained triaxial tests, for different confining pressures,  equal to 0.65 

and with *
 as in the original implementation and as in the modified version of the RMW model. 
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Figure 9-99 – Comparison of stress-strain behaviour of experimental and simulated TXD tests on C2, with *nat. 

In Figure 9-100, the evolution of the slope *nat with the applied axial strain, i.e. both 

during the isotropic compression phase and during the shear phase, shows that its 

value is increasing due to destructuration. The largest variation of *nat is observed for 

the case of C2-D-200, since the structure ratio r/r0 decreases the most, from 1 to 

0.68. Consequently, since at the end of the test, the material is still characterised by 

some bonding, the value of *nat is still far from its intrinsic value of 0.0013. 
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Figure 9-100 – Evolution of *
nat and of the structure ratio with the axial strain. 

In terms of volumetric behaviour, the introduction of *nat seems to have worsen the 

test simulation, especially for the triaxial test at the lowest confining pressure, where 

almost no contraction can be observed, prior to dilation (Figure 9-101 and Figure 

9-102). 

In terms of stress-strain behaviour, the C2-D-200 is in very good agreement with the 

experimental data while, the other two do not still give satisfactory results in terms of 

stiffness, in addition to the reached peak deviatoric stress, although this is expected 

due to the size of the structure surface. 

By offsetting the structure surface with a value of 0 equal to 0.3, a better simulation 

of the C2-D-1000 and C2-D-2500 tests is achieved. As shown in paragraph 5.4.2.3, 

the shifted position of the structure surface with respect to the mean pressure axis does 

not affect the simulation of the isotropic and one-dimensional compression tests but 

has a great impact on the triaxial tests simulation, since the normalised distance is 

larger and a larger peak deviatoric stress may be reached. 
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Figure 9-101 - Volumetric response of C2 drained triaxial tests, for different confining pressures,  equal to 0.65 

and with *
 as in the original implementation and as in the modified version of the RMW model. 

 

Figure 9-102 – Comparison of volumetric behaviour of experimental and simulated TXD tests on C2, with *nat. 

In Figure 9-103, the model surfaces configuration at the beginning of the triaxial tests 

simulation is shown, together with the experimental stress paths. The offset introduced 
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here is such that the centre of the structure surface has a deviatoric component equal 

to 1769.6 kPa. It can be already expected that the simulation of the C2-D-200 test will 

lead to an overestimation of the peak deviatoric stress, while the other two tests may 

reach a similar qpeak as the experimental data. 

Figure 9-104, Figure 9-105 and Figure 9-106 show the model surfaces at the beginning 

and at the end of each test, together with the stress paths. In Figure 9-107, the stress 

paths show a that C2-D-1000 reaches the same peak deviatoric stress as the 

experimental triaxial test, while this is slightly underestimated in the case of the C2-D-

2500. Although Figure 9-103 shows that the maximum experimental deviatoric stress 

lies on the structure surface, destructuration prior to gross yield has induced a 

reduction of the r parameter, together with a reduction of pc, being the stress path on 

the dry side of critical state. However, since the volumetric component is much smaller 

than the deviatoric one, when the confining pressure is equal to 2500 kPa, the reduction 

of pc is limited. 

 

Figure 9-103 - Representation of the initial model configuration when 0=0.3 and of the experimental stress paths. 
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Figure 9-104 - Representation of the initial and final model configuration when 0=0.3, for C2-D-200. 

 

Figure 9-105 - Representation of the initial and final model configuration when 0=0.3, for C2-D-1000. 
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Figure 9-106 - Representation of the initial and final model configuration when 0=0.3, for C2-D-2500. 

 

Figure 9-107 - Representation of the simulated and experimental stress paths when 0=0.3. 
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In terms of stress-strain behaviour, the simulated response prior to gross yield is softer 

for confining pressures of 1000 and 2500 kPa. Consequently, the deviatoric strain 

corresponding to qpeak are larger than the experimental one. Post-peak, softening 

occurs in all cases, but with a more rapid decrease in deviatoric stress for lower 

confining pressures. 

A very good agreement seems to be reached in all cases, in terms of stress ratio (Figure 

9-109), although a small discrepancy between experimental and simulated stiffness 

pre-gross yield can be noticed also here. 

 

 

Figure 9-108 – Comparison of stress-strain behaviour of experimental and simulated TXD tests on C2, for 0=0.3. 
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Figure 9-109 – Comparison of stress ratio of experimental and simulated TXD tests on C2, for 0=0.3. 

On the contrary, the volumetric response is quite different than the one observed 

experimentally (Figure 9-110). All simulated tests are characterised by dilation, with an 

extremely small initial contractive phase. It seems that there is no agreement between 

the two results both from a quantitative and a qualitative point of view. This is confirmed 

by the graph of the plastic strain increments (Figure 9-111). The C2-D-200 simulated 

test is characterised by dilation only, while the other two start from the contractive side 

and almost immediately cross the axis to the dilative side. This confirms the limitation 

that characterises the model with respect to modelling this type of material, where a 

non-associated flow rule may be more suitable. 
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Figure 9-110 – Comparison of volumetric behaviour of experimental and simulated TXD tests on C2, for 0=0.3. 

 

Figure 9-111 – Comparison of dilatancy rule of experimental and simulated TXD tests on C2, for 0=0.3. 
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9.2.1.5 Summary of C2N tests simulation with the modified version of the 

constitutive model 

A summary of the values chosen for each model parameter for the simulation of all the 

experimental tests, using the modified version of the RMW model, is given in Table 

9-12. 

*
 *

 ’ M pc R r0 B  A k 0 

0.0609 0.0013 0.15 1.388 2202 0.17 3.68 0.25 0.65 0.1 

1 or 

0.5 (*) 

0.3 

Table 9-12 - Summary of model parameters for the simulation of the behaviour of the natural C2 specimen, using 

the modified version of the RMW model; (*) 1 for isotropic compression and 0.5 for the other stress paths. 

In section 9.2.1.1 and 9.2.1.2, the compression tests have been simulated using a 

different value of  and 0, but it was explained that their values have a neglectable 

effect on the results. However, for completeness, the same tests have been relaunched 

using the same set of values shown in Table 9-12. 

As expected, the simulated response is stiffer, primarily due to modification of *, 

although also the reduction of the value of  has affected the position of the gross yield 

point. 

In the case of the one-dimensional compression test (Figure 9-112), the vertical 

effective stress corresponding to gross yield is better captured by the modified model 

and the new set of values, as well as the post-gross yield behaviour. 
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Figure 9-112 – Comparison of experimental and simulated one-dimensional compression tests, using the parameter 

values as in 9.2.1.2 (OED - simulation) and as in Table 9-12 (OED – simulation (params TX)) with *nat. 

In the case of the isotropic compression test (Figure 9-113), there is no significant 

change in the mean pressure at which gross yield occurs, being still in good agreement 

with the experimental results, but the simulated response is even stiffer than the 

previous case. However, the modifications introduced in terms of elastic stiffness and 

parameter values do not affect the response post-gross yield and the two simulations 

coincide. 

The simulation of both compression tests after the modifications is shown in Figure 

9-114. 
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Figure 9-113 – Comparison of experimental and simulated isotropic compression tests, using the parameter values 

as in 9.2.1.1 (ISO - simulation) and as in Table 9-12 (ISO – simulation (TX parameters)) with *nat. 

 

Figure 9-114 - Comparison of experimental and simulated compression tests, using the parameter values as in Table 

9-12 and *nat. 
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In Figure 9-115, it is shown the evolution of *nat during both compression tests, 

together with the reduction of the parameter of structure r. The isotropic compression 

test reaches larger mean pressures compared to the one-dimensional compression 

test, such that its value reduces by more than 60% at p equal to 60 MPa. The variation 

is not linear but starts slowly before gross yield, after which it experiences an increase 

in the gradient and slows down again at higher pressures. In the case of the one-

dimensional compression test, given the same mean pressure, the amount of 

destructuration is less, due to the different velocity k used and the different magnitude 

of plastic strains developed. Given the definition of *nat, it increases during both tests 

and, for the high-pressure isotropic test, it reaches a value of 0.0010, much closer to 

the one of the reconstituted material, equal to 0.0013. 

 

Figure 9-115 – Evolution of *nat and of r with respect to its initial value, during the compression tests. 

9.2.2 B1N: parameter determination and tests simulation 

In Chapter 8, the micro- and macro-structural features of the soft rock classified as B1 

have been presented. The material is characterised by a higher percentage of clay 

minerals, with respect to the other two, and consequently by a higher plasticity. The 

behaviour of the reconstituted specimens has been simulated using the two-surfaces 

model and the set of parameters summarised in Table 9-6. 
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The same values have been used for the simulation of the tests performed on the natural 

materials, although in this case only one-dimensional compression tests are available 

while, as explained by Mifsud (2019), several issues were encountered with the 

laboratory equipment during the execution of the high-pressure isotropic compression 

test. 

The one-dimensional compression test has been transformed in the (e, ln p) plane, 

using the measured K0 values for the conversion. As for C2, a small yield surface is 

considered such that plastic strains develop already before reaching gross yield.  

Since the material response is quite deformable and the surfaces are going to evolve 

from the initial stress up to gross yield, due to the size of the bubble, the boundary of 

the reference surface is found at the mean pressure on the INCL
*

, corresponding to the 

void ratio of the first plotted point of the natural material. A similar consideration is done 

for the structure surface, with the construction used to find the quantities to initialise 

the model surfaces shown in Figure 9-116. 

 

Figure 9-116 - Indication of the points that determine the model surfaces dimension based on the compression 

results on the natural and reconstituted B1 specimen. 
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The boundary of the reference surface is equal to 4000 kPa, while the boundary of the 

structure surface is at 9720 kPa. Note that this value is different from the gross yield 

point, described in in 8.5.3.2 and equal to a mean pressure of 11.1 MPa, since this one 

already contains the model surfaces evolution prior to gross yield and given by the 

superimposition of positive volumetric hardening and destructuration. 

The ratio of the 9720 kPa to the pressure indicating the size of the reference surface (4 

MPa) represents the factor of structure r0, equal to 2.43. 

The initial points of the oedometer test results have been discarded for the 

representation in Figure 9-116 since the measured K0 value is unrealistically very high, 

but the initial position of the bubble has been chosen to be centred on the isotropic axis, 

at a mean pressure of 500 kPa. Given that no laboratory tests have been performed to 

quantify the extension of the elastic domain, it is assumed that the value of R is equal 

to 0.17, with the same motivation as for C2. Therefore, the bubble extends from p equal 

to 160 kPa to p equal to 840 kPa. 

The initial configuration of the model surfaces for the simulation of tests on B1 natural 

specimens is shown in Figure 9-117. 

 

Figure 9-117 - Initial configuration of the model surfaces for the simulation of tests on B1 natural specimens. 
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The values of the slopes of the normal compression line and of the swelling line in the 

(ln v, ln p) plane are, according to the model definition, the same as the ones for the 

reconstituted material: 0.093 for * and 0.0060 for *. As discussed for C2, the value 

of *NAT is larger than the one of the reconstituted material and equal to 0.123 (Figure 

9-118). This indicates that, through the destructuration rule and the calibrated values 

of k and A, it is possible to simulate the behaviour of the natural specimen that tends 

to the intrinsic compression line due to bonding degradation. Also the stress ratio at 

critical state required by the constitutive model is the one that characterises the 

reconstituted material and that has been determined based on the phase transformation 

points. 

 

Figure 9-118 - Indication of the slope of the intrinsic and natural compression line, relative to B1. 

For the simulation of B1, the model modified by the author to include the dependency 

of * on the magnitude of structure (paragraph 9.2.1.4), is used. Therefore, given r0 

equal to 2.43, *nat at the beginning of the oedometer test simulation is equal to 0.0024. 
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The model parameters that define the interpolation modulus, i.e. B and , have been 

slightly modified compared to the ones obtained for the simulation of B1R (0.25 for B 

and 0.8 for , instead of 0.3 and 1, respectively).  

At the end of the discussion on the simulation of the natural behaviour, the one-

dimensional compression test on B1 reconstituted specimen has been relaunched with 

the new set of parameters (while the triaxial tests are not affected by them). 

As for the remaining parameters, 0 has been set to zero since it does not significantly 

affect the simulation of the one-dimensional compression test, that is going to be 

performed first. The value of A has been chosen equal to 0.1, as for C2, based on the 

same considerations, while, after a sensitivity analysis, the value of k has been set to 

0.2. 

A summary of the model parameters is given in Table 9-13. 

*
 *

 ’ M pc R r0 B  A k 0 

0.093 0.0060 0.15 1.327 2000 0.17 2.43 0.25 0.8 0.1 0.2 0.0 

Table 9-13 - Summary of model parameters for the simulation of the behaviour of the natural B1 specimen, using 

the modified version of the RMW model. 

9.2.2.1 One-dimensional compression 

A one-dimensional compression test has been simulated, showing very good 

agreement with the experimental results, in both the (e, log v) plane (Figure 9-119) 

and the (e, ln p) plane (Figure 9-120). 

The model can capture the stiffer behaviour prior to gross yield although with a larger 

stiffness than the one observed on the B1 natural specimens. 

The point of gross yield is also well captured and there is perfect overlapping of the 

simulated and experimental post-gross yield behaviour. This means that, although the 

value of * adopted by the model is the one of the reconstituted material, the values of 

k and A determining the response during destructuration have been correctly calibrated. 

To obtain a better simulation of the pre-gross yield response, a lower value of B should 

be considered but this would affect the triaxial tests simulation that will be presented in 

the next section. 
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Figure 9-119 - One-dimensional compression results, compared to the experimental data, using the parameters in 

Table 9-13. 

 

Figure 9-120 - 1D compression results compared to the experimental data transformed to mean pressure, p. 
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As explained in the previous paragraph, the elasto-plastic phase is characterised by 

both an increase of pc due to volumetric hardening and a decrease of r due to 

destructuration. The resulting evolution of the size of the structure surface is plotted in 

Figure 9-121, showing that the increase in pc is dominating with respect to r. 

However, the value of r at the end of the test is equal to 2.12, while the experimental 

data show that the point at the maximum pressure has almost reached the INCL
*

, with 

a value of r equal to 1.27. 

 

Figure 9-121 - Evolution of pc, r and the total rpc with respect to their initial values, during a one-dimensional 

compression test. 

9.2.2.2 Drained triaxial tests 

The initial model surfaces configuration for the simulation of the triaxial tests is similar 

to Figure 9-117 but with the bubble surface centred in 340 kPa, corresponding to Rpc, 

to ensure that the bubble does not intersect the structure surface. 

The tests are performed considering the same parameters as in Table 9-13. 

As for C2, only the test at the lowest confining pressure of 200 kPa consists of a single 

shear phase in drained conditions, while the other two tests are characterised by an 
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isotropic compression phase up to the desired cell pressure, followed by a drained 

shear phase. 

Considering the size of the bubble, equal to 680 kPa, the tests B1-D-1000 and B1-D-

2500 develop plastic strains already during the compression phase. 

In Figure 9-122Figure 9-82, a representation of the model surfaces at the beginning of 

any of the simulated test is shown, together with the experimental stress paths. It 

should be noted that the surfaces may change their size during the isotropic 

compression phase up to 1000 kPa and 2500 kPa, but as verified, at the beginning of 

the shear phase, the modification is neglectable. 

 

Figure 9-122 - Representation of the initial model configuration and of the experimental triaxial stress paths. 

It can be expected that, given the shape of the model surfaces, the peak deviatoric 

stress may be overestimated for the B1-D-200 test and underestimated for the B1-D-

2500 test, as confirmed by the stress paths in Figure 9-123. However, it is well 

captured in the case of B1-D-1000, as the structure surface contracts due to both 

negative volumetric hardening, reducing pc, and destructuration, reducing r. 
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Figure 9-123 - Comparison of stress paths of experimental and simulated TXD tests on B1. 

The simulation of all three drained triaxial tests is in very good agreement with the 

experimental results in terms of stress-strain behaviour (Figure 9-124): the model 

reproduces very well the stiffness of the material before reaching the peak deviatoric 

stress. 

Post-peak, softening is observed, although this is accompanied by strain localisation 

in the actual sample, which cannot be modelled with the constitutive model and the 

numerical tools used in this research. However, the model can capture the transition 

from fragile (at a confining pressure of 200 kPa) to almost ductile behaviour (at a 

confining pressure of 2500 kPa). 

The B1-D-1000 test is very well simulated, in fact the same peak deviatoric stress at 

the same deviatoric strain as the experimental result, is reached. 

As a confirmation, the simulations have been plotted in terms of stress ratios in Figure 

9-125.  



 

616 

 

 

Figure 9-124 - Comparison of stress-strain behaviour of experimental and simulated TXD tests on B1. 

 

Figure 9-125 - Comparison of stress ratios of experimental and simulated TXD tests on B1. 

In terms of volumetric strains (Figure 9-126), as for C2, the model cannot simulate the 

experimental behaviour. All simulations are characterised by an initial contraction, 

followed by dilation, although in the case of B1-D-2500, the experimental response 

seem to be purely contractant. 
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This is confirmed also by the dilatancy rule (Figure 9-127), which describes a 

completely different behaviour, probably due to the associated flow rule assumed by 

the constitutive model. 

 

Figure 9-126 - Comparison of strain behaviour of experimental and simulated TXD tests on B1. 

 

Figure 9-127 - Comparison of the dilatancy rule of experimental and simulated TXD tests on B1. 
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9.2.2.3 One-dimensional compression of reconstituted specimens 

To complete the simulation of B1 and show that it is possible to use a single set of 

parameters for both reconstituted and natural specimens, the one-dimensional 

compression test discussed in paragraph 9.1.2 is here relaunched, using B equal to 

0.25 and  equal to 0.8. 

Figure 9-128 and Figure 9-129 show that the effect of the variation of the value of the 

interpolation parameters is neglectable. 

 

Figure 9-128 – Comparison of the simulation of the B1R one-dimensional compression behaviour using the 

parameters in Table 9-6 and Table 9-13. 
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Figure 9-129 – Effect of the variation of B and  on the one-dimensional unloading response of B1R, using the 

parameters in Table 9-6 and Table 9-13. 

9.2.3 Proposal of new model features 

The RMW constitutive model seems to reproduce very well some aspects of the natural 

Maltese soft rock, especially when characterised by a higher plasticity due to the 

presence of clay minerals, as in the case of B1. 

The lack of isotropic compression tests on natural B1 specimens does not allow to 

obtain more insight about the soft rock response to volumetric strains only. 

Consequently, it becomes more difficult to support the necessity of introducing a 

different velocity of destructuration that depends on the stress path, as observed in the 

case of C2. 

In fact, the degradation of structure in C2 is more rapid during isotropic compression, 

rather than other analysed stress path. Therefore, a larger velocity of destructuration 

has been used in that case, with respect to the simulation of the oedometer or triaxial 

tests. 

In addition, the constitutive model does not give the possibility to assign a certain tensile 

strength to the material, while this commonly characterises soft rocks and has been 

measured on the Maltese soft rock as well (paragraph 8.5.6). 

In this research, the following modifications have been proposed: one for the velocity 

of destructuration and one for the tensile strength. 
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The first one has been implemented in the Fortran source code and has significant 

implications on the numerical simulations. However, due to lack of time, it has not been 

possible to perform a sensitivity analysis with the newly introduced feature and, 

therefore, to relaunch all simulations of the tests performed on the natural specimens. 

The second one has been formulated only analytically and its implementation and use 

is part of future developments of this research. 

9.2.3.1 Implementation of kv and kq 

In the original implementation of the RMW model, the velocity of destructuration k is 

used to describe the reduction of the parameter r (equation 9-7). In particular, k is 

applied to an incremental strain 휀�̇�, that consists of both volumetric and deviatoric 

plastic strains, in a proportion that depends on A (equation 9-8). 

 
�̇� = −

𝑘

∗ − ∗
(𝑟 − 1)휀�̇� 9-7 

 휀�̇� = √(1 − 𝐴)(휀�̇�
𝑝)
2
+ 𝐴(휀�̇�

𝑝)
2
 

9-8 

It is here proposed to introduce a new parameter in the input file "sm2d.fil", 

representing a velocity kv, while the quantity in the position of k represents now kq. 

These two quantities are used to calculate the equivalent of 𝑘휀�̇�, here indicated as 휀�̇�,𝑘 

to include both the information about the incremental strains and about the velocity of 

destructuration, such that: 

 
�̇� = −

1

∗ − ∗
(𝑟 − 1)휀�̇�,𝑘 9-9 

with: 

 휀�̇�,𝑘 = √(1 − 𝐴)𝑘𝑣(휀�̇�
𝑝)
2
+ 𝐴𝑘𝑞(휀�̇�

𝑝)
2
 

9-10 

In this way, it is possible to either give the same “weight” to both volumetric and 

deviatoric strains in the destructuration process by assigning kv=kq, or to differentiate 

between them. 
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9.2.3.2 Modelling tensile strength 

Many different possibilities to introduce tensile strength in the RMW model exist. The 

constitutive models for soft rocks described in section 3.3 consider pt, i.e. the intercept 

of the outer surface on the negative side of the isotropic axis, as an additional model 

parameter which can decrease according to a hardening rule. 

This would require not only the introduction of a new input parameter for pt, but also of 

an appropriate hardening rule which may require additional model parameters to be 

defined. 

A simplified approach is here proposed by modifying the equation of the structure 

surface and defining the anisotropy tensor 0 such that its trace is not equal to zero. 

Then, it allows to describe the offset of the structure surface with respect to isotropic 

and deviatoric axes: 

𝑓𝑠 =
3

2𝑀𝜃
2
(𝒔 − (𝑟 − 1)𝜼𝟎𝑝𝑐): (𝒔 − (𝑟 − 1)𝜼𝟎𝑝𝑐)

+ (𝑝 − (𝑟𝑝𝑐 − (𝑟 − 1)𝑡𝑟(𝟎)𝑝𝑐)
2
− (𝑟𝑝𝑐)

2 = 0 

9-11 

 

Unlike the previous modification, this new feature has not been implemented yet since 

the modification of the structure surface equation has implications in several parts of 

the model, e.g. the calculation of the conjugate point and the maximum distance or the 

consistency checks that ensure the non-intersection between bubble and structure 

surface. However, a graphical representation of a generic structure surface with an 

offset along the isotropic axis only (Figure 9-130) or in both direction (Figure 9-131) is 

shown. 

Note that, based on the equation 4-16, the structure surface evolves according to a 

single destructuration rule, which also ensures that the surface only changes its size 

but not its shape.  
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Figure 9-130 – Structure surface evolution with destructuration, with tensile strength only. 

 

Figure 9-131 - Structure surface evolution with destructuration, with an offset in both directions. 
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10. CONCLUSION AND FURTHER DEVELOPMENTS 

10.1 Conclusion 

The application of engineering science to the study of soils and rocks requires 

conceptual and mathematical models, able to describe the real behaviour of these 

materials (Leroueil and Vaughan, 1990). 

In this research, the advanced constitutive modelling of soft rocks is investigated. 

Hard soils and soft rocks are borderline cases between soft soils and hard rocks, with 

a stiffer and stronger structure compared to soft soils, and independent from large-

scale discontinuities, unlike hard rocks (Kavvadas, 2000). 

Several constitutive models have been developed specifically for soft rocks, as 

discussed in Chapter 3, using a single surface to represent the in-situ structure inside 

which the behaviour is elastic, or with an additional surface to describe the intrinsic 

state. 

However, in this work, the analysis at the micro- and macro-scale of two soft rocks, 

namely a soft  calcareous mudstone extracted at Abu Dhabi and the Maltese soft rocks 

from Mrieħel, in Malta, has shown similarities in the behaviour of soft rocks and natural 

clays, even though their structure may have originated from different processes 

(Leroueil and Vaughan, 1990; Anagnostopoulos et al., 1991; Lagioia and Nova, 1995; 

Aversa and Evangelista, 1998; Cotecchia and Chandler, 1997; Burland et al., 1996). 

A key point in the experimental and modelling investigation of this class of materials is 

the characterisation of their pre- and post-gross yield behaviour, where the term “gross 

yield” indicates a state in the effective stress space outside the elastic domain at which 

a significant discontinuity in stress-strain response can be easily identified (Cotecchia 

and Chandler, 2000). 

For some soft rocks, as for example the calcarenite from Gravina (Lagioia and Nova, 

1995; Lagioia and Nova, 1998), the behaviour before gross yield is very stiff and elastic 

until an abrupt change in the material response is observed: from this point the structure 
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degrades due to plastic strains. In these cases, the single-surface constitutive models 

for soft rocks, outlined in section 3.3, may be representative of the material behaviour. 

On the contrary, the two soft rocks considered in this work, which have also shown 

many similarities with the well-studied Corinth marl and Chalk, are characterised by a 

generally stiff behaviour pre-gross yield that is already accompanied by structure 

degradation, implying an early development of plastic strains. In the cases analysed in 

this research, several triaxial tests at different confining pressures have been performed 

on the soft rocks. The shear phase is preceded by an isotropic compression phase 

during which plastic strains may already occur, and which may be responsible for the 

transition from a fragile and dilative behaviour to a more ductile and contractant 

response as the confining pressure increases. 

The substantial difference between the two types of soft rocks (i.e. the ones exhibiting 

elastic behaviour until gross yield and the ones which develop plastic strains before 

gross yield) is crucial when choosing the most appropriate constitutive laws for 

simulating the material behaviour. 

In fact, to account for plastic strains before the point of gross yield, the constitutive 

model should consist of at least two surfaces: one representing the boundary of the 

purely elastic domain and the other one describing the material structure, that may be 

a combination of fabric and bonding. 

The inner surface is dragged by the evolving current stress and, to ensure that inelastic 

behaviour is simulated upon stress reversal, the yield surface does not simply expand 

with increasing stresses, but it moves inside the outer surface according to a kinematic 

hardening rule. Additionally, void ratio and stress history induce an evolution of the 

state boundary surface described through an isotropic hardening rule, as seen in the 

case of the reconstituted materials and as described by the Cam-Clay models. 

Furthermore, the structure degradation depends on plastic strains, and, in the case of 

the Maltese soft rocks, it has been observed that it occurs at a higher rate in 

compression, rather than shear. This means a larger contribution to destructuration 

should be given by plastic volumetric strains. 
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The degradation of structure increases its rate after gross yield, such that the soft rock 

response tends to converge towards that of the corresponding reconstituted material 

(Burland, 1990). In the Maltese soft rocks considered in this research, this is seen to 

happen not only in terms of degree of structure but also of stress ratio at critical state, 

which is higher for the natural material with respect to the reconstituted one, and it 

reduces during the structure degradation. Moreover, based on the material structure, 

the elastic stiffness of a soft rock is generally larger compared to that of the 

corresponding reconstituted material, which may be reached when the soft rock is 

completely destructured.  

For this reason, many constitutive models include an additional surface representing 

the intrinsic behaviour and based on this, many of the model parameters are defined. 

These aspects of the soft rock behaviour can be recognised in many natural clays and 

in the features of several multi-surface constitutive models with mixed isotropic and 

kinematic hardening rules, and structure degradation that have been developed for 

structured clays. 

Among the multi-surface models described in section 3.2 and Chapter 4, the one 

formulated by Rouainia and Muir Wood (2000) has been chosen to simulate the 

behaviour of both the soft calcareous mudstone and the Maltese soft rocks, exploring 

its capabilities and limitations. 

A rapid overview of the other multi-surface models with the reasons for which they 

have not been chosen in this research is here outlined. 

The S3-SKH model by Baudet and Stallebrass (2004) presents many similarities with 

the RMW model, but it assumes that the entire plastic volumetric and deviatoric strains 

contribute to destructuration while different portions of them may be selected in the 

RMW model, to simulate the higher rate of destructuration observed in either 

compression or shear. However, the S3-SKH model allows to account for a residual 

degree of structure that may remain in the destructured material due to fabric, and 

differently from the reconstituted behaviour. This aspect has not been directly observed 

in the soft rocks considered in this research and therefore, it has been discarded. 
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The SCLAY-1S model (Koskinen et al., 2002) does not account for kinematic hardening 

while its evolution into the B-SCLAY1S (Sivasithamparam and Karstunen, 2012) 

consists of all the fundamental ingredients described above and also accounts for the 

material plastic anisotropy, by giving an orientation to the model surfaces. Anisotropy 

has not been observed in these soft rocks and, considering that this would increase the 

complexity of the constitutive laws and of the calibration of model parameters, it has 

been excluded. 

Finally, the MSS model (Kavvadas and Amorosi, 2000) presents many common points 

with the RMW model but it does not include the intrinsic surface and therefore, it is 

based on the definition of the natural properties of the material. Additionally, the 

destructuration rule is described by five different parameters that cannot be measured 

directly from the experimental data, but they are specific of the model. In the RMW 

model, only two parameters (or three, considering the modification proposed in this 

research and described in paragraph 9.2.3.1) are required to define the destructuration 

rule. 

This is an important aspect to take into consideration in the choice of the constitutive 

model. In general, a larger number of model parameters may give the possibility to 

describe more features of the material. As an example, a two-surface model requires 

at least one additional parameter with respect to a single-surface model, in order to 

define its dimension. The necessity of a second surface seems to be of fundamental 

importance in some cases, as the ones considered in this research. Therefore the 

advantage of using a model with increased complexity outweighs the effort in 

calibrating the additional parameters. 

However, one should distinguish between the model parameters that can be determined 

based on a good testing campaign and the ones that cannot be directly measured from 

the experimental results but that have a clear role in the model equations, affecting the 

result. The latter require the user to have a good knowledge of the constitutive laws but 

also to have the appropriate instruments to calibrate them. 

Often, optimisation algorithms are used to find a set of parameters that minimises the 

distance between the model results and the target results, which could be an 
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experimental curve. However, these automatic methods, especially when based on a 

single or very few tests, do not ensure the uniqueness of the solution and may lead to 

a behaviour that is far from reality especially in boundary value problems, when the 

material is subjected to more complex loading conditions than those defined in the 

laboratory. 

In this respect, the RMW model has been studied in detail with the support of a 

calibration tool, created in Python during this research. The model has been chosen 

because it formally contains all the features considered to be distinctive of the soft rock 

behaviour, being already aware of some of the model limitations. Naturally, any 

constitutive model is only a simplification of reality, and it is necessary for the user to 

be aware of its laws and assumptions to correctly interpret the results. In this case, the 

soft rocks exhibit tensile strength (larger for the Maltese soft rocks than for the soft 

calcareous mudstone), which is not accounted for in the RMW model and may be 

introduced based on the modification proposed in paragraph 9.2.3.1 as part of future 

developments. 

Five of the twelve parameters characterising the constitutive model, cannot be directly 

measured based on experimental results. These are the interpolation parameters B and 

, the destructuration parameters A and k, and the offset of the structure surface 0. 

As it can be understood by their definition, A, k and 0 are structure-related parameters 

and do not influence the model response when the structure surface coincides with the 

intrinsic surface. When also the elastic nucleus coincides with the intrinsic surface, 

RMW becomes equivalent to the Modified Cam-Clay model and also B and  have no 

effect on the simulation. 

Based on the hierarchical structure of the constitutive model, a sensitivity analysis has 

been performed and described in Chapter 5. The two-surfaces case has shown the role 

of B and  while the bubble moves inside the outer surface, accumulating plastic 

strains and resulting in a more or less stiff and strong response depending on the 

chosen values. However, it is also demonstrated how it is not possible to define an 

absolute range of variation of these parameters, since their effect is strictly linked to the 

value chosen for the other quantities. In particular, the size of the elastic nucleus can 
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be determined with specific tests that are not often part of the testing campaign and 

that gives a certain uncertainty to the modelling choices. Its value strongly influences 

the simulation such that, for the same B and  values, the behaviour may be either very 

stiff or very deformable. 

When the three surfaces are distinct from each other, also the parameters A, k and 0 

affect the simulation. To isolate their effect from the one of the interpolation parameters, 

the sensitivity analysis has been performed starting from a situation in which the current 

stress lies on both the bubble and the structure surface. 

However, when modelling the behaviour of a natural soil/soft rock (i.e. with three 

distinct surfaces and the current stress inside the structure surface), the five 

parameters act at the same time but, having understood their clear meaning, it becomes 

easier to calibrate their value. In fact, the interpolation parameters contribute to the 

simulation of the pre-gross yield behaviour, which is stiffer than post-gross yield due 

to the total plastic modulus, defining the magnitude of the plastic strains. This consists 

of the contribution of two terms: one that is calculated based on the consistency 

condition and one that is derived from the bounding surface plasticity theory and is 

proportional to the distance between the current stress and its conjugate point on the 

outer surface. The interpolation parameters are part of the equation of the interpolation 

modulus and, therefore, when the current stress coincides with its conjugate point, the 

interpolation modulus becomes zero and B and  cease to affect the model response 

for the time in which the two surfaces are in contact. If the loading direction is changed 

and the bubble moves away from the structure surface, the interpolation modulus 

becomes different than zero. 

The destructuration parameters play a role during the entire elasto-plastic phase pre- 

and post-gross yield. However, they are directly related to the plastic strains and, since 

these are smaller before gross yield due to the larger plastic modulus, their effect is 

accentuated after gross yield is reached. 

The parameter 0 is used in the structure surface initialisation, giving an offset to the 

centre of the surface with respect to the isotropic axis. Along (isotropic) compression 

stress paths, its effect is neglectable as discussed in paragraph 5.4.2, but it 
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significantly affects the pre-gross yield behaviour along typical triaxial stress paths, 

since it contributes to a larger plastic interpolation modulus when different than zero. 

As for the other seven parameters, that can be rigorously determined when an 

appropriate number and type of tests is available, it is important to observe that they 

refer to the properties of the corresponding reconstituted material (i.e. *, *, , M and 

pc), while the parameters r0 and R define the size of the structure and bubble surface, 

respectively. 

Therefore, testing the behaviour of the reconstituted material becomes quite important 

for the correct use of the constitutive model. 

In this research, the model has been used to simulate the behaviour of two soft rocks, 

using either PLAXIS (Brinkgreve et al., 2019) or SM2D (Chan, 1995). The soft 

calcareous mudstone from Abu Dhabi, whose micro- and macro-characteristics have 

been presented in Chapter 6, has been tested mainly in its natural state, therefore the 

calibration of the model parameters has been quite challenging and characterised by 

more uncertainties with respect to the other case. Two subtypes belonging to the soft 

calcareous mudstone have been distinguished, one with a higher plasticity and a more 

deformable behaviour and the other one stiffer and stronger, given the same test 

conditions. For each subtype, the calibration procedure led to a unique set of 

parameters except for the size of the model surfaces. In fact, being all the triaxial tests 

on the dry side of critical state, the elliptic shape of the model surfaces seems to be 

unsuitable for the material. The model has represented well the soft rock behaviour 

from a qualitative point of view, capturing the evolution from a fragile and dilatant 

response after an initial contraction, to a ductile and contractant behaviour, for 

increasing confining pressures and in the case of both Type A and Type B. 

Also from the quantitative point of view, the simulations have successfully captured the 

magnitude of the observed peak deviatoric stress and the corresponding deviatoric 

strain at which it occurs. The simulated volumetric strains are also in very good 

agreement with the experimental data although not always of the same magnitude. 

This has been the first attempt to simulate the behaviour of a soft rock using a model 

for natural clays, showing the capabilities of the RMW model but also highlighting some 
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limitations that are common to the Maltese soft rocks, as the already discussed zero-

tensile strength. 

Measurements of the initial shear stiffness characterising the soft calcareous mudstone 

were available and showed how the model, in which the hypoelastic law is used, 

underestimates the soft rock elastic stiffness. Although the elastic stiffness at small 

strains has not been measured in the case of the Maltese soft rocks, it was observed 

that the stiffness of the natural material in the range assumed to be elastic, seemed to 

be larger than the one measured from the tests on reconstituted specimens. 

Considering that the index properties of Type A are closer to C2 and the ones of Type 

B to B1, the results of the triaxial tests performed on the soft calcareous mudstone and 

the Maltese soft rocks, sheared at the same confining pressure, have been compared. 

They have shown that the peak deviatoric stress of the stronger of the two subtypes 

(Type A) is closer to the one of the weakest of the Maltese soft rocks (B1), but the 

volumetric behaviour of Type A overlaps with the one of C2.  

However, the more plastic B1 specimens exhibits in general lower stiffness and 

strength compared to both C1 and C2, similarly to what was observed in the case of 

Type A and Type B of the soft calcareous mudstone. 

The Maltese soft rocks have been studied in both compression and shear, at the natural 

and reconstituted state. This thorough analysis has been combined with the study of 

the rocks’ micro-structure. The reconstituted soft rocks show similar behaviour as the 

transitional soils, with phase transformation during undrained triaxial tests which is less 

developed in the case of the more plastic B1 specimen. 

RMW cannot capture the phase transformation and the increase in p and q that follows. 

Additionally, the simulated stiffness prior to phase transformation is higher than the 

experimental one, although it may also depend on the many difficulties that were 

encountered in the preparation and testing of the reconstituted specimens. 

As for the flow rule, the model considers it to be associated but it does not seem to 

represent the actual behaviour of the reconstituted material and, as seen later, of the 

natural one. In the first case, using the formulation of the plastic potential according to 
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(Lagioia et al., 1996) has shown that a non-associated flow rule is more suitable for 

these soft rocks. 

The simulation of all the tests performed on the natural C2 specimens have given 

satisfactory results in compression, using a larger velocity of destructuration in 

isotropic compression to reproduce the higher susceptibility of the material to plastic 

volumetric strains. Based on this, a modification to the model has been implemented 

such that the destructuration rule depends on two different velocities of destructuration 

that may increase or decrease the rate of destructuration related to volumetric or 

deviatoric strains. This modification has not been tested and future developments may 

consist in a sensitivity analysis to study their implication in the simulation, and the re-

calculation of all tests for natural materials. 

The triaxial tests have shown that, having defined the elastic stiffness using the * value 

of the reconstituted material, the stiffness predicted by the model underestimates the 

stiffness of the natural material. In other cases, it has also been observed that structure 

increases the elastic stiffness of the material. Therefore, a modification has been 

implemented in the RMW source code to account for an elastic stiffness that is larger 

for natural materials and that reduces with bonding degradation. The C2 and B1 test 

simulations have been performed with the modified version of the RMW model and 

have shown great improvement compared to the previous implementation. 

The triaxial tests on C2 specimens are captured relatively well in terms of stiffness and 

general qualitative behaviour in the stress-strain plot, but the peak deviatoric stress is 

largely overestimated for the test at the lowest confining pressure and the volumetric 

behaviour is quite different, as also shown in terms of the dilatancy rule. In this case it 

seems that both a non-associated flow rule but also a different shape of the model 

surfaces may improve the model prediction. Being substantial modifications that may 

require a consistent amount of time for their implementation and testing, they have not 

been considered in this research. 

The B1 specimens show similar behaviour as C2 but, due to the presence of clay 

minerals and its higher plasticity, it is better simulated by the RMW model. However, 

also in this case, the implementation of a non-associated flow rule may give better 
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predictions of the volumetric behaviour during triaxial tests while the behaviour under a 

one-dimensional compression test is very well captured by the model. 

It may be concluded that a multi-surface constitutive model with mixed isotropic and 

kinematic hardening rules, and structure degradation can capture many characterising 

aspects of the behaviour of certain soft rocks. The constitutive laws of such models 

describe the model response through a series of parameters. It is of fundamental 

importance to understand what each parameter means and if it is an intrinsic or a 

natural property. The determination of the value of each model parameter should be 

supported by a good testing campaign but also by a sensitivity analysis that can give 

clear indications on how to choose the most appropriate value in each case. 

10.2 Further developments 

Further research may address both experimental and numerical developments. 

 

The soft calcareous mudstone from Abu Dhabi has been tested mainly in its natural 

state, with few one-dimensional compression tests performed on Type A only at 

standard pressures. These have allowed to determine the compression and swelling 

indexes for Type A, while they have been assumed to be the same for Type B. However, 

given the softer nature of Type B due to the presence of clay minerals, different values 

may characterise this material. As observed in the case of the Maltese B1 specimens, 

the higher clay content results in larger * and * values, with respect to C1 and C2 

specimens belonging to the same Middle Globigerina Limestone. 

In the case of both soft rocks considered in this study, a better understanding of their 

mechanical response would require the analysis of the micro-structure and the particle 

size distribution after different loading steps, also to identify the possible occurrence of 

particle crushing which would require different numerical approaches for the simulation 

of the material behaviour. 

In addition, only drained triaxial tests have been performed on the natural soft 

calcareous mudstone from Abu Dhabi. As in the case of the Maltese weak rocks, 

(undrained) triaxial tests on the reconstituted rock could be useful to identify the stress 

ratio at critical state. The value of Mcv may be different than the one characterising the 
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natural material, as observed in the case of the Maltese weak rocks. In the last case, 

the stress ratio of the natural material has been seen to evolve with the applied confining 

pressure, i.e. with the progressive degradation of the structure. Additionally, when 

modelling the soft rock behaviour with the RMW model, the stress ratio required as 

input is referred to the one characterising the reconstituted material. 

Triaxial tests on the reconstituted specimens from Abu Dhabi may show whether phase 

transformation occurs in this case too, considering also the quite similar granulometry 

of both soft rocks together with Chalk and Corinth marl. 

Only undrained triaxial tests on normally consolidated specimens have been performed 

in the case of B1 and C2 specimens, while one overconsolidated specimen has been 

tested in the case of the C1 material. More tests on overconsolidated reconstituted 

specimens may give more insights on the behaviour of the material and on the possible 

shape of the outer surface. 

All three Maltese natural soft rocks have been subjected to drained triaxial tests on the 

dry side of critical state. Further investigations may involve an initial isotropic 

compression phase up to pressures larger than 2500 kPa and such that the stress path 

would be on the wet side, supporting the identification of the gross yield points. 

In the case of both soft rocks taken as a reference in this study, specific tests may help 

identifying the actual extension of the truly elastic phase, which is of fundamental 

importance for both static and dynamic loading conditions. In the last case, small-strain 

stiffness measurements may be needed in the case of the Maltese soft rock as they are 

available in the case of the soft calcareous mudstone from Abu Dhabi. 

In the case of the soft calcareous mudstone as well as C1 and B1, high-pressure 

isotropic compression tests are needed to quantify the degree of structure of the natural 

soft rock and to evaluate whether also these materials experience a high rate of 

destructuration due to plastic volumetric strains instead of the deviatoric ones. 

Additionally, C1 has been tested in a high-pressure oedometer apparatus but the 

response has shown a material that has not yet reached gross yield. This has not given 

the possibility to properly initialise the model surfaces and calibrate the model 
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parameters to capture the post-gross yield behaviour. One-dimensional compression 

tests are completely missing in the case of the soft calcareous mudstone. 

 

From the numerical point of view, the behaviour of the soft rocks has been successfully 

captured with the multi-surface kinematic hardening model with structure degradation, 

although with some limitations. 

Regarding the Maltese soft rocks, the implementation of a non-associated flow rule 

may considerably improve the model prediction both in the case of the reconstituted 

and the natural material. 

In both cases and, in general, for soft rocks, it becomes important also to model the 

rock tensile strength and its degradation, as proposed in paragraph 9.2.3.2. 

The other model modification, regarding two different velocities of destructuration for 

plastic volumetric and deviatoric strain, has been described in paragraph 9.2.3.1 and 

implemented in the model but a new sensitivity analysis would be required. 

The Maltese soft rocks are the only ones where the modified version of the model, 

accounting for a structure-dependent elastic stiffness, has been used. The simulations 

of the behaviour of the soft calcareous mudstone from Abu Dhabi should be re-

launched with this new feature. 

Furthermore, other solutions for modelling the elastic behaviour may be considered, as 

for example in the MSS model using the hyperelastic formulation by Houlsby et al. 

(2005). 

Finally, as discussed in Chapter 5, there is no absolute range of allowed values for the 

interpolation parameters, B and . However, future developments may also consist in 

the investigation of possible correlations between the value of the interpolation 

parameters and the size of the bubble R, which has been seen to significantly affect the 

interpolation modulus.  
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11. APPENDIX A 

This appendix will give an overview of the results that are calculated by the kernels 

implementing the RMW model (SM2DMO and PLAXIS SoilTest using the RMW user-

defined soil model), as well as the results that can be derived from those. 

11.1 SM2D kernel results 

Table 11-1 describes the results that are read directly from the output file (sm2dsto), 

after invoking the SM2D calculation kernel, using the RMW model. After extracting the 

values in the file, some results are post-processed (e.g. using a negative sign on 

stresses to obtain positive compression or setting the value to zero when it is simply a 

product of the internal variables initialisation). The aim is to normalize them such that 

they are independent from the specific program used for the simulation (in this case, 

PLAXIS or SM2D) and to remove any noise from the resulting charts. Finally, after post-

processing, steps that contain zero values for every result will be removed completely. 
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Name Unit Description Post-processing Column sm2dsto 

eps_xx - Strain xx -x 1 

eps_yy - Strain yy -x 2 

eps_zz - Strain zz -x 3 

gamma_xy - Strain xy  4 

pw kPa Pore water pressure -x 5 

void_ratio - Void ratio -999 => 0 6 

sigma_xx kPa Stress xx -x 7 

sigma_yy kPa Stress yy -x 8 

sigma_zz kPa Stress zz -x 9 

sigma_xy kPa Stress xy  10 

s_xx_center kPa Stress bubble centre xx -x 11 

s_yy_center kPa Stress bubble centre yy -x 12 

s_zz_center kPa Stress bubble centre zz -x 13 

sigma_xy_center kPa Stress bubble centre xy  14 

elastic_flag bool 0 if the step is elastic; 1 otherwise  15 

Hmod_norm kPa
3
 Plastic modulus without gradient 

normalisation 

 16 

pc kPa Dimension of half of the axis of the 

structure surface 

 17 

r0 - Ratio of the structure surface over the 

reference surface 

 18 
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b_dist_norm_n kPa
2
 Distance between current stress and 

conjugate point without gradient 

normalisation 

-9999.99 => 0 20 

b_max_norm_n kPa
2
 Maximum distance based on the unit 

vector in the current stress, without 

gradient normalisation 

-9999.99 => 0 21 

Hi_l_k  Plastic interpolation modulus without 

gradient normalisation and division by 

(*
- *

) 

-9999.99 => 0 22 

Hc_l_k  Plastic modulus from consistency 

condition without gradient normalisation 

and division by (*
- *

) 

-9999.99 => 0 23 

norm_n kPa
2
 Gradient normalisation -9999.99 => 0 24 

volumetric_plastic_increment - Increment of the plastic volumetric strain -9999.99 => 0 25 

deviatoric_plastic_increment - Increment of the plastic deviatoric strain -9999.99 => 0 29 

pc_increment kPa Increment of pc -9999.99 => 0 30 

kappa_structure - Slope of the swelling line for natural 

material 

 31 

Table 11-1 - Results from SM2D calculation kernel for the RMW model, originating from the sm2dsto file.
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11.2 PLAXIS SoilTest kernel results 

Table 11-2 and Table 11-3describe the results that are read directly from the results 

files (tokernel.vlr and tokernel.vrs), after invoking the PLAXIS SoilTest 

calculation kernel, using the RMW user-defined soil model. After extracting the values 

from the output files, some results are transformed as explained in the case of SM2D. 

Name Unit Description Post-processing Column tokernel.vlr 

eps_xx - Strain xx -x 1 

eps_yy - Strain yy -x 2 

eps_zz - Strain zz -x 3 

gamma_xy - Strain xy  4 

gamma_yz - Strain yz  5 

gamma_zx - Strain zx  6 

sigma_xx kPa Stress xx -x 7 

sigma_yy kPa Stress yy -x 8 

sigma_zz kPa Stress zz -x 9 

sigma_xy kPa Stress xy  10 

sigma_yz kPa Stress yz  11 

sigma_zx kPa Stress zx  12 

pw kPa Pore water pressure  13 

Table 11-2 - Results from PLAXIS SoilTest calculation kernel for the RMW model, originating from the 

tokernel.vlr file. 

Name Unit Description Post-

processing 

Column 

tokernel.vrs 

s_xx_center kPa Stress bubble centre xx -x 1 

s_yy_center kPa Stress bubble centre yy -x 2 

s_zz_center kPa Stress bubble centre zz -x 3 

s_xy_center kPa Stress bubble centre xy  4 

s_yz_center kPa Stress bubble centre yz  5 

s_xz_center kPa Stress bubble centre zx  6 

pc kPa Dimension of half of the axis of the 

reference surface 

 7 

r0  Ratio of the structure surface over the 

reference surface 

 8 

elastic_flag bool 0 if the step is elastic; 1 otherwise  13 

Table 11-3 - Results from PLAXIS SoilTest calculation kernel for the RMW model, originating from the tokernel.vrs 

file (state variables). 
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11.3    Derived results 

This section will describe the results derived from those calculated by the kernels, either 

for SM2D or for PLAXIS SoilTest (Table 11-6).  

Additionally, in order to express the derived results generically (i.e. not having to repeat 

definitions for results), both kernels also define one derived result each for the axial 

strain (Table 11-4 and Table 11-5). This is because there is a difference between SM2D 

and PLAXIS SoilTest with respect to the cartesian axes (xx vs. yy). In this way, several 

derived results can be expressed in terms of axial strain, instead of the cartesian strain 

either in xx or yy direction. 

• SM2D-specific derived results 

Name Unit Description Formula 

eps_a - Axial strain eps_xx 

Table 11-4 - Derived results (SM2D-specific). 

• PLAXIS SoilTest-specific derived results 

Name Unit Description Formula 

eps_a - Axial strain eps_yy 

Table 11-5 - Derived results (PLAXIS SoilTest-specific). 

11.3.1    Common derived results 

For each result, if any of the dependencies is not available, the result cannot be derived 

and will therefore also not become available. 

For example, many additional intermediate results have been extracted from the RMW 

model implemented in SM2D, while this is not possible in the version of the model used 

with PLAXIS. 

New derived results have been expressed in terms of the calculation results, as shown 

in Table 11-6. 
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Name Unit Description Formula Post-processing 

eps_v - Volumetric strain eps_xx + eps_yy + eps_zz  

eps_s - Deviatoric strain (2 / 3) * abs(eps_yy - eps_xx)  

mean_pressure kPa Mean pressure (sigma_xx + sigma_yy + sigma_zz)/3  

deviatoric_stress kPa Deviatoric stress abs(sigma_xx - sigma_yy)  

p_center kPa Coordinate of the bubble 

centre on the isotropic axis 

(s_xx_center + s_yy_center + s_zz_center)/3  

q_center kPa Coordinate of the bubble 

centre on the deviatoric 

axis 

abs(s_xx_center - s_yy_center)  

G_stiff - Shear stiffness (eps_s != 0) * deviatoric_stress / 

(3 * eps_s * 1000)) 

 

pc_ratio - Ratio of the current pc over 

its initial value 

pc / pc[0]  

r_ratio - Ratio of the current r over 

its initial value 

r0 / r0[0]  

rpc kPa Size of the structure 

surface 

pc * r0  

rpc_ratio - Ratio of the current rpc 

over its initial value 

pc * r0 / (pc[0] * r0[0])  

qp_ratio - Stress ratio deviatoric_stress / mean_pressure  

eps_v_reset  Volumetric strain during 

the shear phase only of a 

TX test 

reset_eps_v_at_start_tx  

reference_surface kPa (p, q) points defining the 

reference surface 

calculate_reference_surface 

(equation 4-13) 
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structure_surface kPa (p, q) points defining the 

structure surface 

calculate_structure_surface 

(equation 4-16) 

 

bubble_surface kPa (p, q) points defining the 

bubble surface 

calculate_bubble_surface 

(equation 4-15) 

 

csl.p kPa p coordinates of the critical 

state line 

[0, 2 * r0 * max(pc)]  

csl.q_comp kPa q coordinates of the critical 

state line in compression 

M_comp * csl.p  

csl.q_ext kPa q coordinates of the critical 

state line in extension 

-M_ext * csl.p  

b_ratio_power_psi  Normalised distance to the 

power of  

(elastic_flag != 0) * 

(b_distance / b_max) ** psi 

 

specific_volume - Specific volume 1 + void_ratio  

peq  Equivalent pressure calculate_peq (equation 2-14-13)  

p_peq_ratio - Normalised mean pressure mean_pressure / peq  

q_peq_ratio - Normalised deviatoric 

stress 

deviatoric_stress / peq  

Hmod kPa Plastic modulus Hmod_norm/norm_n **2 NaN => 0 

Hi kPa Plastic interpolation 

modulus 

Hi_l_k/((Lambda - kappa) * norm_n**2) NaN => 0 

Hc kPa Plastic modulus from 

consistency condition 

Hi_c_k/((Lambda - kappa) * norm_n**2) NaN => 0 

b_distance  Distance between current 

stress and conjugate point 

b_dist_norm_n/norm_n NaN => 0 
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b_max  Maximum distance based 

on the unit vector in the 

current stress 

b_max_norm_n/norm_n NaN => 0 

plastic_increments_ratio - Ratio of plastic strain 

increments 

volumetric_plastic_increment / 

deviatoric_plastic_increment 

NaN => 0 

p_center_structure kPa Coordinate of the centre of 

the structure surface on 

the isotropic axis 

pc*r0  

q_center_structure kPa Coordinate of the centre of 

the structure surface on 

the deviatoric axis 

(r0 - 1) * pc * eta0  

k_0 - Coefficient of earth 

pressure at rest 

sigma_yy / results.sigma_xx  

accumulated_plastic_eps_v - Total plastic volumetric 

strain 

volumetric_plastic_increment.cumsum()  

accumulated_elastic_eps_v - Total elastic volumetric 

strain 

eps_v - accumulated_plastic_eps_v  

accumulated_plastic_eps_s - Total plastic deviatoric 

strain 

deviatoric_plastic_increment.cumsum()  

accumulated_elastic_eps_s - Total elastic deviatoric 

strain 

eps_s - accumulated_plastic_eps_s  

Table 11-6 – Common derived results.
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12. APPENDIX B 

 

 

Jupyter Notebooks 

sm2d_param_variation animationSurfacesSM2D 

on_demand 

3
rd

-party Libraries Python modules 

Parameter Variation 

charts ipy_variations animations 

Plotly 

IPyWidgets 

Pandas 

IPython 

Bokeh 

imageio 

numpy 

Lab Tests 

Generic Lab Test Framework 

lab_test_configuration results_cache 

derived_results utilities 

SM2D Lab Test 

exp_results 

sm2d 

config_file_paths_paramVariation 

configuration_sm2d_results 

PLAXIS SoilTest 

Lab Test vlab 

Figure 12-1 - Architecture of the Calibration tool (paragraph 5.3). 
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The architecture of the software (Figure 12-1) that was created for performing this research 

is organized into four major components: 

1. The Jupyter Notebooks, using which the analyses have been performed; 

2. The Parameter Variation Python-package, which contains the routines used by the 

Jupyter Notebooks to perform the parameter variation; 

3. The Lab Test modules: 

a. Generic Lab Test Framework, which is used by the Parameter Variation 

package; 

b. SM2D Lab Test, which contains an SM2D-specific implementation within 

the Generic Lab Test Framework; 

c. PLAXIS SoilTest Lab Test, which contains a PLAXIS SoilTest-specific 

implementation within the Generic Lab Test Framework; 

4. 3rd-party Python-packages, containing packages which the previously mentioned 

Python-modules have been built upon. 

 

To perform the parameter variation, Jupyter Notebook has been used (https://jupyter.org/). 

This is a package for Python that extends the programming environment with many useful 

capabilities, like for example a graphical user interface (as discussed in paragraph 5.3). 

There are two main notebooks used for this research: one allows to create an animation 

based on the evolution of the three surfaces during a simulation 

(animationSurfacesSM2D_on_demand.ipynb), and another one to perform the sensitivity 

analysis as well as the calibration of the model parameters (sm2d_param_variation.ipynb). 

For both notebooks, a dictionary (named variations) is specified (Figure 12-2 and Figure 

12-3), containing a list of values for each model parameter or test condition. This is passed 

to the function ipy_single_variation(), in the case of the animation, or 

ipy_param_variation(), in the case of the parameter variation, such that a user-interface is 

created in which the user can select the parameter values that should be used in the 

calculation, as shown in Figure 5-7. 
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Figure 12-2 - Jupyter Notebook for the surface animation. 

 

Figure 12-3 - Jupyter Notebook for the parameter variation. 

For the animation notebook, after clicking the “calculate” button, the result can be either an 

interactive animation of the three surfaces (reference, structure, and bubble) during the 

simulation, or a video file that is saved to disk for offline use, containing the same animation. 

To enable this last option, the export_video() function (shown in Figure 12-2) should be 

uncommented. 

For the parameter variation notebook, after clicking the “calculate” button, the results are 

displayed in several interactive plots, in which for each plot the variations are being 

overlayed. Additionally, the results for each variation are saved into an excel file for further 

offline processing. 

 

Since the parameter variations have been performed using different kernels, namely PLAXIS 

and SM2D, the Calibration tool has been developed in such a way that it is independent from 

the calculation kernel being used. The only requirement is that the kernel-specific Python 
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modules expose a minimal set of functionalities that is used by the calibration tool. As a 

result of this, it is easy to extend the tool to support a new calculation kernel. 

 

The following diagram illustrates how the framework works from a high level (Figure 12-4): 

  
Retrieve 

cached 

results 

Determine 

derived 

results 

Define kernel 

parameters 

Cached? Calculate 

Yes 

Calculation results 

Write kernel 

input file 

Execute 

Kernel 

Read 

kernel 

Cache 

result

No 

Figure 12-4 – Flow chart of the calculation of a single variation. 
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