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ABSTRACT

This project aims to provide an insight into the behaviour of cemented sand
under high pressures, and to further the understanding of the role of particle
crushing. The discrete element method is used to investigate the micro
mechanics of sand and cemented sand in high-pressure triaxial tests and one-

dimensional normal compression.

Using the software PFC3D, a new triaxial model has been developed, which
features an effective flexible membrane that allows free deformation of the
specimen and the natural failure mode to develop. The model is capable of
exerting and sustaining high confining pressures. Cementation has been
modelled using inter-particle bonds, and a full investigation of the bond
properties is presented, highlighting their influence on the macroscopic

behaviour (e.g. failure mode and volumetric response).

A simple particle breakage mechanism is used to model the one-dimensional
normal compression of sand. By considering the stresses induced in a particle
due to multiple contacts, and allowing particles to fracture without the use of
agglomerates, this work aims to explain the mechanics of normal
compression. The influence of the mechanics of fracture on the slope of the
normal compression line is investigated, and the normal compression is linked
to the evolution of a fractal particle size distribution. A new equation for the
one-dimensional normal compression line is proposed, which includes the
size-effect on average particle strength, and demonstrates agreement with
experimental results. It is shown that this new equation holds for a wide
range of simulations. The time dependence of particle strength is
incorporated in to this model to simulate one-dimensional creep tests,

leading to a new creep law.

The normal compression of cemented sand is investigated, and the results

show that bonding reduces particle crushing, and that it is both the



magnitude and distribution of bond strengths that influence the compression
curve of the structured material. Simulations are also presented that show
that it is possible to capture the effects of particle crushing in high-pressure
triaxial tests on both sand and cemented sand. Particle crushing is shown to
be essential for capturing realistic volumetric behaviour, and the intrusive
capabilities of the discrete element method are used to gain insight into the

effects that cementation has on the degree of crushing.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

The understanding of the mechanical behaviour of granular soils has long
been an area of interest in the civil engineering community. A knowledge of
the strength and stiffness of soil is essential for the safe design of any

construction project.

Cemented granular materials in general have been of particular interest, due
to their unique behaviour and natural abundance. Both naturally and
artificially cemented soils have been subjected to extensive laboratory testing
throughout the years (e.g. Coop and Atkinson, 1993). Among the various
tests, the triaxial is the most commonly used for analysing the stress and
strain characteristics of granular soils, due to the ability to control drainage
and measure deformations. The significant majority of triaxial testing has
been at conventional pressures; typically less than 1 MPa. More recently,
cemented sands have also been subjected to high-pressure laboratory testing
(e.g. Marri, 2010), and it is under such pressures that particle crushing in sand
becomes prominent and has a large influence on the macro-scale behaviour
(Yamamuro and Lade, 1996). However, during typical laboratory tests, it is
not possible to observe internal particle mechanisms, nor is it possible to
discover the true properties and behaviour of the inter-particle bonding that
results from cementation. In general, little is known about the soil response

at the grain level; this is particularly true at high pressures.

Particle crushing is also highly significant in the normal compression of
granular soils; the yield point and slope of the ensuing normal compression
line have long been attributed to crushing. In comparison to cohesive soils
such as clay, there have been comparatively few experimental studies on the

one-dimensional or isotropic compression of sands, in particular silica sands



due to the high pressures required. Nonetheless, there have been studies
investigating the influence that factors such as initial voids ratio, and particle
shape, strength and size have on crushing during compression (e.g. Hagerty et
al., 1993; Nakata et al., 2001a; Nakata et al., 2001b). The compression of
sand has also been associated with the evolution of fractal particle size
distributions (e.g. Turcotte, 1986), with authors such as McDowell and
Bolton (1998) and Russell (2011) linking the linear slope of the normal
compression line to the theory of fractal crushing, using energy equations. So
although the role of particle crushing in granular soils has been
acknowledged, the micro mechanics have not been truly investigated—for
example, it is not possible to observe and investigate fracture mechanisms
and properties such as the distribution of strengths and size-hardening laws,

and their influence on the macroscopic behaviour.

The discrete element method (DEM) is a branch of numerical methods for
calculating the behaviour of an assembly of particles, an effective technique
for modelling granular mechanics. DEM, which was originally developed by
Cundall and Strack (1979), is commonly used to model discontinuous
materials, and is an effective alternative to continuum methods. The
fundamental purpose of DEM is to recreate the microscopic mechanics of the
independent particles to allow understanding of the macroscopic behaviour,
and most significantly, to enable the investigation of the micro mechanics of
materials that would otherwise be difficult or impossible to study in physical
tests. Hence, it provides a useful numerical tool for studying soil mechanics,
and is used herein to investigate micro mechanics of sand and cemented sand

under high pressures.
1.2 AIMS AND OBJECTIVES

The principal aims of this research are to improve understanding of cemented
sand and to gain insight to the micro mechanics of particle crushing at high

pressures, ultimately allowing better predictions of the behaviour of soil to be



made. Using the discrete element method software PFC3D, the objectives

can be summarised as follows:

o To create a realistic triaxial model, capable of simulating high-pressure
triaxial shear tests, and featuring a flexible membrane that allows the

specimen to deform realistically.

o To develop a practical method of modelling cementation, allowing
cemented sand to be modelled, and the micro properties to be fully

investigated.

o To implement an effective particle breakage mechanism, enabling the
soil model to exhibit realistic particle crushing at high pressures and

allowing the mechanics of fracture to be investigated.

o To study the behaviour of sand and cemented sand in high-pressure
triaxial shearing and normal compression, and gain an insight into the
role of particle crushing, and its influence on the macroscopic

behaviour.

1.3 SCOPE

This thesis presents a numerical-based investigation into the mechanical
behaviour of granular soil. The soils studied are sand and cemented sand,
with a focus on the drained behaviour of these soils in triaxial shear and one-

dimensional normal compression, at high pressures.

The study includes discussion on how cementation influences the behaviour
of sand in such tests; particular attention is also given to the role of particle

crushing, which is of considerable importance at high pressures.

There were some limitations, however, which should be mentioned regarding

the use of the discrete element method:

o The DEM software used, PFC3D (v3.1), uses two entities: walls and

balls. Therefore all soil particles were modelled simply by using



spheres, which failed to reflect the irregular shape of real sand
particles. Incorporating realistic shape would change the mechanical
behaviour of the virtual soil, which is discussed where relevant.
However, the work presented is a necessary, fundamental step
required before implementing realistic shape using ‘clumps’ of balls.
Cementation was modelled by using virtual bonds, which appeared to
capture the effects of cementation successfully. However, these
bonds failed to reproduce the change in grading that the addition of
cement fines causes in laboratory tests. After breaking, the virtual
bonds had no affect on the behaviour of the soil, whereas the
presence of broken cement in reality would be expected to still have
an influence after breaking.

Time and computational constraints meant that only a relatively small
number of particles were used in simulations throughout the thesis.
This was primarily due to the fact that the time taken for calculations,
and to update the system after a single ‘timestep’ is proportional to
the total number of particles; hence it was not possible to use a
realistic quantity.

Similarly, these constraints also limited the extent of the simulations;
several of the simulations in Chapters 4 and 5 were terminated when
the ‘size’ of the timestep became too small. The size of the timesteps
were most greatly influenced by the range of particle sizes in the
system. Simulations with wide ranges of particle sizes had very small
timesteps, therefore requiring a much larger number of timesteps to
progress. Hence the simulations with extensive crushing were ended
when they became too onerous. The desktop computer used had an
Intel® Core™ 2 Quad 3.00 GHz CPU; with 3.00 GB of RAM. The
simulations presented in Chapter 3 all took approximately between
1-3 weeks to complete. In Chapter 4, the shortest simulation was
completed in 2 weeks; while the key simulation of silica sand ran for

approximately 10 weeks before it was terminated. In Chapter 5, the



longest triaxial simulation (at the highest confining pressure) ran for

approximately 10 weeks before it was terminated.
1.4 THESIS OUTLINE
This thesis consists of six chapters; the following five are organised as follows:

Chapter 2 provides a literature review, which covers both experimental and
numerical research. A general background on cemented sand is given,
accompanied by an analysis of the behaviour of such granular soils in both
triaxial shearing and normal compression. This is followed by a review of
particle crushing and relevant applications of the discrete element method in

modelling soil.

Chapter 3 describes the triaxial model developed to simulate high-pressure
shear tests. Details are provided of the flexible membrane, which allows
correct failure modes to develop, and a study of bond parameters used in

modelling cemented sand is given.

Chapter 4 gives details of the basic particle breakage mechanism and fracture
criterion developed to model particle crushing. The one-dimensional normal
compression of sand is modelled using an oedometer; various mechanisms
and strength parameters are investigated, and the compression is linked to

the evolution of a fractal particle size distribution.

Chapter 5 presents three applications of the particle crushing mechanism.
Creep is modelled and investigated by incorporating a time-dependency on
particle strengths, a study of the one-dimensional compression of cemented
sand is then presented, and finally the high-pressure triaxial behaviour of

crushable cemented and uncemented sand is analysed.

Chapter 6 contains the conclusions from this work and the recommendations

for future research.



CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

The literature review focuses on the behaviour of cemented sand at high

pressures, and the role of particle crushing.

An introduction to the behaviour of uncemented sand is given, as well as a
background on cemented sand, after which a thorough review of literature on
the mechanical behaviour of cemented sand in conventional and high
pressure triaxial shearing is given, highlighting the influence of cementation
and confining pressure. A review of the normal compression of cemented

sand is provided.

A review of particle crushing is also included, along with related phenomena
such as the occurrence of fractal distributions. Finally, a background on the
discrete element method (DEM) is presented, followed by a review of

contemporary literature that uses DEM to model such behaviour.

2.2 BACKGROUND ON CEMENTED SAND

Cemented soils can be divided into two groups: those occurring naturally and
those that are artificially cemented. Natural soil cementation can occur from
a number of complex causes—such as the deposition of either silica,
carbonates, hydroxides or organic matter at particle contacts, the re-
crystallization of minerals during weathering, or cold welding under high
pressures at particle contacts (Leroueil and Vaughan, 1990). These processes
‘bind” the soil grains together, and can take millions of years; generally
occurring below the water table. Soils are artificially cemented primarily to
improve their performance. Cemented soil is stronger than most naturally
occurring uncemented soil and is therefore commonly used in slope
protection, pipe bedding, and in intermediary subbase layers protecting the

subgrade in road construction.



The strength and stiffness associated with bonding or cementation were
previously only really considered in rock mechanics, but are now commonly
accepted in many materials recognised as soils. Schnaid et al. (2001) aptly
describe cemented soils as an intermediate class of geomechanics, placed in

between rock mechanics and classical soil mechanics.

Important research into cemented soils has been conducted in the last few
decades. Clough et al. (1981) contributed significantly to this area by carrying
out laboratory tests on both naturally and artificially cemented samples. The
samples tested varied from very weak to very strong naturally cemented
sands, as well as a range of artificially cemented sands to determine the

effects of the amount of cementing agent and sand density on soil response.

Further studies were triggered by the widely reported difficulties
encountered during the construction of the North Rankin platform off North
West Australia, in 1982. Piles were driven into large amounts of cemented
calcarenites (soils containing high proportions of calcium carbonate). There
were concerns over the pile shaft friction capacity, and this led to much
research and testing of extracted soil samples (King and Lodge, 1988, Jewell
and Andrews, 1988, Jewell and Khorshid, 1988), as noted by Coop and
Atkinson (1993).

A key feature of naturally cemented samples is their high variability; the
carbonate soils extracted from North Rankin varied greatly in both grading
and degree of cementation, ranging from loose uncemented sediments to
very strongly cemented calcarenites. Some of this variation is generally
attributed to the different causes of natural cementation, as these depend
directly on the chemistry of the local environment, and as such there is
significant scatter. In addition, there are difficulties when extracting soil while
avoiding sample disturbance (e.g. loss of particle contacts and damage to
cement bonds), which causes a decrease in stiffness and strength (Leroueil
and Vaughan, 1990) so an alternative approach is often pursued: the testing

of artificially cemented samples.



This raises the question as to whether artificial samples accurately simulate
the behaviour of naturally cemented samples. Leroueil and Vaughan (1990)
showed that ‘structured soils’, i.e. cemented soils, clays and weak rocks, all
follow a general pattern—stiff behaviour followed by yield. They determined
that it is the physical properties of the cemented soil that govern its
behaviour, rather than the individual cause of cementation. This justifies the
study of artificially cemented samples instead, avoiding the aforementioned
difficulties in studying natural samples. This was demonstrated further by

Airey (1993).

2.3 TRIAXIAL BEHAVIOUR

2.3.1 Uncemented Sand

The triaxial behaviour of sand (both cemented and uncemented) has long
been an area of interest, as triaxial tests are one of the most commonly used
methods of measuring the strength of soil. This is due both to the ability to
control drainage conditions and that pore water pressure or volume change
can be measured easily. However, much of the available research on the
triaxial behaviour of soils is at conventional pressures (typically under 1 MPa).
Before reviewing literature on drained triaxial shearing of cemented sand, a

brief discussion of the behaviour of uncemented sand will be given.

The general understanding of the behaviour of soil under triaxial shearing has
been covered extensively, and can be idealized according to the critical state
concept first developed by Roscoe et al. (1958). It is widely accepted that at a
given low confining pressure, loose sands will undergo strain hardening and
contraction until they reach a steady (critical) state; dense sands at the same
confining pressure will demonstrate a peak stress state and strain softening,
localised failure in the forms of shear bands, and undergo volumetric dilation
(Figure 2.1). Peak stresses are caused by the density of the sample and are
directly related to the dilatancy, with the peak stress and maximum rate of

dilation coinciding (Bolton, 1979). Increasing the confining pressure



decreases the density at the critical state, thereby suppressing the dilation

and peak states of the sand.
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Critical states are defined by a state of continuous shearing with no changes
in volume. All the critical states for a given soil form a critical state line (CSL),

defined in its simplest form as either:

q = Mp' [2.1]

where q is deviatoric stress, M is a frictional constant determining the
magnitude of deviatoric stress needed to keep the soil flowing continuously

and p’is the mean effective stress, or:

v=1>I—Alnp [2.2]



where v is the specific volume, and I, and A are soil constants, where A
describes the rate the volume of soil decreases as the logarithm of mean
effective stress increases (Figure 2.2). A simplified explanation of the
behaviour of sand during triaxial shearing utilizing critical state soil mechanics

can be found in Bolton (1979).
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Figure 2.2 Critical state lines in g-p' and e-p' space (Bolton, 1979)

Typical triaxial results, highlighting the effects of confining pressure and initial
density are given in Figure 2.3 from Wanatowski and Chu (2007), which shows
the drained triaxial behaviour of silica sand at conventional pressures. Figure
2.3(a) shows the behaviour of samples in a very loose state (voids ratios of
approximately 0.90) tested under confining pressures between 35-225 kPa.
All results demonstrated strain hardening and volumetric contraction. Both
the deviatoric stress and the volumetric strain increased gradually before
reaching steady values. Similar tests on the same material with denser initial

states (voids ratio approximately 0.66) are shown in Figure 2.3(b)—these
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demonstrated volumetric dilation and mild peak stress states. The ultimate

(and failure) states of the loose samples formed a critical state line, shown in

Figure 2.4.
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Figure 2.3 Drained Triaxial Behaviour of loose (a) and dense (b) sand across a range of
confining pressures (Wanatowski and Chu, 2007)
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Figure 2.4 Drained triaxial stress paths for a loose sand sheared under a range of confining
pressures (Wanatowski and Chu, 2007)

Coop (1990) performed a series of drained triaxial tests on uncemented

carbonate sands at both conventional and high pressures. This work is of

note, as carbonate soils are often cemented—although not exclusively.

Carbonate soils are those in which carbonate minerals form a large
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constituent, and are found in many of the continental shelves and cover most
of the underwater abyssal plains. Carbonate sands themselves are highly
compressible due to the weak nature of the individual grains and low
densities—however, Coop (1990) showed they exhibit the same qualitative
behaviour as conventional sands, such as the silica sand shown above.
Triaxial results from Coop (1990) demonstrated that critical states could be
reached (i.e. a state of continuous shearing with no changes in volume) for
carbonate sands, thus the behaviour is consistent with the principles of
critical state soil mechanics, which at first was uncertain due to the weak

particles of such soils.

At high pressures, Yamamuro and Lade (1996) and Marri (2010) presented
drained triaxial tests on sand to pressures in excess of 50 MPa. At such stress
levels, the sands invariably exhibited strain hardening, volumetric contraction

and particle breakage, even when in a dense initial state.

2.3.2 Cementation

Carbonate sands, as mentioned earlier are very widely distributed, and these
sands often develop bonds between the particles due to carbonate
precipitation and carbonate crystal growth on the grains, resulting in
cemented soil with highly irregular variation. These form the majority of
naturally encountered cemented sands. Airey (1993) conducted drained
triaxial shear tests on a range of natural calcarenites, and the inherent
variation in density and cement content of their natural specimens was
evident from the significant scatter seen in the drained triaxial responses,
given in Figure 2.5(a). However, they were able to observe that cementation
had two main effects on soil during shearing: it increased both the shear
modulus and the size of the yield locus. From conducting many further tests,
they were able to observe that most samples approached a constant stress
ratio (g/p’) which indicated a critical state, and when these points were
plotted in specific volume—mean effective stress space, a critical state line

was estimated, as shown in Figure 2.5(b).
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Artificially cemented sands on the other hand, are typically formed by mixing
various quantities of gypsum, Portland cement, calcite or lime with a base
sand. The cementing agent chosen can depend on a number of reasons, but
primarily to either simulate natural cementation or to achieve desired soil
improvement factors such as an increase in strength or density. In the
literature there have been key studies on naturally and artificially cemented
sands with various cementing agents, including carbonates: Airey (1993),
Coop and Atkinson (1993), Cuccovillo and Coop (1997, 1999), Lagioia and
Nova (1995); Portland cement: Abdulla and Kiousis (1997), Consoli et al.
(2007), Haeri et al. (2005a), Lo et al. (2003), Marri et al. (2012), Schnaid et al.
(2001); Gypsum: Haeri et al. (2005b), Huang and Airey (1998); Lime or Calcite:
Asghari et al. (2003), Ismail et al. (2002a). There are also studies in which
various cementing agents are compared, such as by Ismail et al. (2002b) and

Haeri et al. (2006).
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In addition to various cementing agents, a variety of sands have been used in
the available literature, often rendering a direct comparison difficult.
Nonetheless, Leroueil and Vaughan (1990) showed that ‘structured soils’, i.e.
cemented sands, over-consolidated clays and weak rocks all follow the same
principal behaviour, and can be considered within the same framework. They
stated that despite different origins, cementation within sand causes an
increase in strength and increases the domain in which the soil exhibits stiff
behaviour. In addition to cemented sands, they analysed the behaviour of
clays and weak rocks, and reported that all these exhibited similar behaviour

under drained triaxial shearing.

It is generally accepted that the shear strength of cemented soils can be
represented by linear Mohr-Coulomb style failure envelopes, defined by a
friction angle and cohesion intercept, and that under shear deformation,
cemented soils exhibit stiff behaviour up until yield, which is largely

controlled by the cementation followed by a progressive loss of structure.

In a series of drained triaxial tests carried out on artificially cemented sands,
Coop and Atkinson (1993) established that the addition of cementitious
material into sand introduced well defined yield points into the stress-strain
response during shearing, which is related to the breakage of cement bonds.
Both cemented and uncemented specimens reached a critical state after large
strains during shearing, and appeared to have the same critical state line.
They also defined three modes of shearing behaviour of sands (Figure 2.6).
The first mode is when the sample is sheared at relatively low confining
pressures, causing a peak stress state to occur. The third mode of behaviour
is when the sample reaches its yield point during confinement (i.e. isotropic
compression before shearing commences), and the shearing produces
behaviour similar to that of an uncemented soil, with no clear yield point.
The second mode occurs at intermediate confining pressures, and although
the cement bonds are initially intact, they yield during shearing and any peak

state is governed by frictional behaviour.
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Figure 2.6 Schematic diagram showing modes of shearing behaviour for cemented sands
(Coop and Atkinson, 1993)

Lagioia and Nova (1995) also performed tests on specimens of calcarenites,
and provided a useful theoretical analysis of the behaviour during triaxial
shearing. Their analysis focused on what they described as a ‘destructuration
phase’, in which marked the transition from rock-like behaviour to soil-like
behaviour. In their tests they categorised three phases: an initial elastic,
reversible phase; an easily recognisable destructuration phase; and a
hardening or softening phase which leads to an ultimate state. At low
confining pressures, the destructuration phase was associated with a peak,
while at higher confining pressures this phase was marked by approximately

constant stress, both of which are shown in Figure 2.7.
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Figure 2.7 Triaxial response of naturally cemented sand at two confining pressures, showing
the ‘destructuration’ phase (Lagioia and Nova, 1995)

Huang and Airey (1998) stated that for drained triaxial tests in which the
confining pressure was less than the apparent preconsolidation stress, i.e.
yield stress, cementation caused an increase in stiffness, peak strength,
maximum dilation rate and the specimens became more brittle and these
effects increased with increasing cement content. For confining pressures
greater than the yield stress, the cementation appeared broken down and
normalised stress-strain responses for various cement contents were almost
identical. These results could essentially be described as mode one and mode
three according to the categories of triaxial behaviour of a cemented sand

proposed earlier by Coop and Atkinson (1993).

Schnaid et al. (2001) performed a number of drained tests on sand bonded
with Portland Cement up to 5% dry weight. From comparing their results of
cement contents ranging from 0% (uncemented) to 5%, it can be clearly seen
in Figure 2.8 that soil behaviour is largely dependent on the cement content.
As one would expect, the cemented samples display initially stiff, apparently
linear behaviour up to a well defined yield point after which the soil
undergoes plastic deformation until failure. Increasing the cement content
appears to cause an increase in peak strength and initial stiffness. Schnaid et
al. (2001) observed that cemented sands undergo an initial volumetric
contraction followed immediately by a strong dilation, with the maximum
rate of dilation occurring after the peak strength, as opposed to coinciding as

observed for uncemented samples. This was attributed to the peak strength
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being controlled by cement bonds rather than density, an observation also
made by Coop and Atkinson (1993). The peak stresses decreased until critical
states were reached. At failure, visible shear planes were reported. Their
results were in agreement with those of Coop and Atkinson (1993) as they all
showed the specimens to reach a similar ultimate stress, regardless of the
cement content. Although it should be noted that Schnaid et al. (2001)
contested using the percentage of dry weight to describe the degree of

cementation.
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Figure 2.8 Triaxial response for artificially cemented sand with various cement contents,
shearing under a confining pressure of 60 kPa (Schnaid et al., 2001)

Asghari et al. (2003) and Haeri et al. (2005a) also observed similar behaviour
as discussed, and proposed a general pattern of failure modes: barrelling for
uncemented samples, and shearing for most cemented samples (Figure 2.9),
although confining pressure heavily influenced the failure behaviour. All
cemented samples sheared at relatively low confining pressures

demonstrated brittle failure with shear zones (Figure 2.9), with brittleness
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increasing with cementation. Asghari et al. (2003) suggested that the
thickness of the shear zone was dependant on the amount of cementation,
while Haeri et al. (2005a) observed that the inclination of the shear bands
increased with degree of cementation. They both stated that the strain
associated with peak strength decreased with an increase in cementation,
and that the post-yield behaviour is highly dependent on degree of
cementation. The failure envelopes from Asghari et al. (2003) were linear for

uncemented and destructured soils, but were curved for the cemented

specimens (Figure 2.10).

(a)

~ (b)

Figure 2.9 Failure modes of cemented sand: barrelling in uncemented samples (a) and shear
zones in cemented samples (b) (Asghari et al., 2003)
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Cuccovillo and Coop (1997) studied two naturally structured sands: a
calcarenite consisting of a medium carbonate sand bonded by calcium
carbonate, and a silica sand bonded by iron oxide. They attempted to
distinguish between the effects of inter-particle bonding and ‘fabric’ (i.e. the
arrangement and distribution of the soil particles comprising the soil). They
analysed the shear behaviour under very small strains, and reported that
yielding is noticeable by a rapid decrease in stiffness, degradation of bonding
and the development of plastic strains. They claimed that for the bonded
silica sand, the structure predominantly arises from the interlocking soil
fabric, whereas for the carbonate sand the structure arises solely from
bonding. For the bonded carbonate sand, they observed a progressive
transformation of the bonded soil into a frictional material, with the shear
stiffness becoming more controlled by state, rather than structure. For the
silica sand, they observed that despite bond degradation, the influence of
structure still persisted, giving higher values of shear stiffness at comparable
strains. They concluded that the loss of bonding must precede any disruption

to the fabric, i.e. particle arrangement.

Cuccovillo and Coop (1999) went on to further analyse the triaxial behaviour
of the two soils across large strains. Although the two soils shared behaviour
typical of structured soils, they once again highlighted the influence of fabric.
They claimed that the bonded silica sand, which was considered to have

significant fabric, could not be adequately described by the bonding alone,
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and that the behaviour of ‘fabric-dominated’ sands is considerably frictional,
and the deformation is dominated by dilation. During the triaxial tests, the
yielding of the calcarenite was coincident with the peak stress and was
followed by rapid loss of strength and contraction. However the yielding of
the silica sandstone was accompanied by dilation and plastic strains which
developed after the soil had yielded, suggesting the peak strength was in fact
frictional, as opposed to the calcarenite which had a cohesive peak strength.
The failure envelopes showed that the peak states were much higher for the
cemented soils when compared with the reconstituted soil, and the peak
envelope appeared to converge to the CSL at high confining pressures.
Finally, they summarised that interlocking fabric could not be described
adequately by conventional framework, in particular the mechanisms
described by Coop and Atkinson and shown in Figure 2.6. They identified a
new schematic, depicted in Figure 2.11. They proposed that for much of the
range of confining pressures considered, the stress-strain behaviour would be
non-linear (mode 2b), and any linearity seen would be limited to the initial

part of shearing (mode 2a).
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Figure 2.11 Schematic diagram showing modes of shearing behaviour for a cemented sand (Cuccovillo
and Coop, 1999)

Lo et al. (2003) provided a similarly useful insight into the mechanics of
cemented sands. They carried out drained triaxial testing on two artificially
cemented soils: a quartz sand, and a natural silt; bonded with a Portland
cement fly ash mixture. Principally, they confirmed Leroueil and Vaughan's
(1990) hypothesis that all structured soils behave within the same framework.
Lo et al. (2003) thoroughly investigated the direct contribution of a bonding
agent to the behaviour of soil, and, like Cuccovillo and Coop (1999) they
observed that some soils may already possess structure, and the addition of a
cementing agent simply increases the structure, and gives the soil a larger
yield surface. They investigated the gradual degradation of bonding by
monitoring the irreversible decrease in stiffness and peak strength during

virgin loading, as can be seen in Figure 2.12.

Haeri et al. (2006) provided one of the few comprehensive studies of the

effects of cement type on the triaxial behaviour of a cemented sand.
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Although several authors have shown that all structured soils, and therefore
all cemented sands can be considered within the same framework, Haeri et al.
(2006) compared the behaviour of a gravelly sand cemented with Gypsum,
Portland cement and lime. Tests results for samples with low cement
contents (1.5%) indicated that in general, cementation by Gypsum gave the
highest shear strength, however at higher cement contents (e.g. 4.5%), the
samples with Portland Cement consistently provided the highest shear
strength (Figure 2.13). They concluded that Gypsum appeared the most
brittle cementing agent, and Portland cement seemed the most ductile. The
gypsum samples consistently developed shear planes, and at relatively low
cement contents underwent the largest dilation. The behaviour of the
samples bonded with Portland cement was largely dependent on the actual
cement content: only at relatively high contents (e.g. 4.5%) did they exhibit

significant dilation and shear planes.
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Figure 2.12 Virgin loading and reloading stress-strain curves for a cemented quartz sand, with
a confining pressure of 20 kPa (Lo et al., 2003)
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Figure 2.13 Triaxial behaviour of a gravelly sand with 4.5% cement content of various
cementing agents (Haeri et al., 2006)

2.3.3 Confining Pressure

Confining pressure plays an equally as important role as cement content on
the behaviour of cemented soil in triaxial shearing. Much of the literature
already mentioned included tests across a range of confining pressures, with
the common observation that increasing the confining pressure suppresses
the effects of cementation, and renders the behaviour more ductile/less

brittle.

As described earlier, Leroueil and Vaughan (1990) and Coop and Atkinson
(1993) described three modes of behaviour for cemented sand. Coop and
Atkinson (1993) concluded that for triaxial tests on cemented soils at low
confining pressures, shearing may result in yield at strengths higher than the
frictional failure envelope of the equivalent uncemented soil, leading to strain

softening (mode 1). At higher confining pressures yield often occurs during
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compression, in which case the strength is frictional and leads to strain

hardening (mode 3), shown in Figure 2.6.

At relatively low confining pressures, a moderate cement content causes
sands to demonstrate brittle behaviour with shear planes upon failure. An
increase in confinement generally causes a transition to ductile failure,
resulting in barrelling (e.g. Clough et al., 1981; Schnaid et al., 2001; Asghari et
al., 2003). Haeri et al. (2005a) observed that the inclination of any shear
bands caused by the addition of cement decreased with increasing confining

pressure.

It is accepted that although the addition of a cementitious material increases
the brittleness of a soil, with this effect increasing with cement content, the
effect decreases with an increase in confining pressure. Typical results, such
as those from Asghari et al. (2003) in Figure 2.14 show the effects of
increasing confining pressure on the drained triaxial response of sand bonded
with Portland cement: an increase in both peak and ultimate deviatoric stress,
an increase in the axial strain associated with peak deviatoric stress, less
dilation (more contraction) and in general the effects of cementation are
suppressed and the behaviour tends towards that of the uncemented sand.
There is also an increase in the initial stiffness, in agreement with

observations also made by Huang and Airey (1998).

Abdulla and Kiousis (1997) and Asghari et al. (2003) showed that increasing
the confining pressures caused uncemented samples to demonstrate more
contraction during shear, while cemented samples still exhibited dilation. At
low confining pressures by comparison, all samples exhibited dilation
regardless of cement content. Asghari et al. (2003) demonstrated that the
relative peak strength—the peak strength of the cemented sample
normalised by that of the uncemented material—of cemented samples

decreases with confinement, as shown in Figure 2.15.
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Figure 2.14 Triaxial behaviour of a sand cemented with 3% Portland cement across a range of
confining pressures (Asghari et al., 2003)

G max 3% cemented / q,,,,, uncemented

200

400

600 800 1000 1200

Confining Pressure, o’ (kPa)

Figure 2.15 Influence of confining pressure on the increase in strength due to cementation

(Asghari et al., 2003)

Cuccovillo and Coop (1999) and Lo et al. (2003) both gave the failure

envelopes of cemented sand, obtained from performing triaxial tests with a

range of confining pressures. The failure envelopes showed that failure stress

increased with confining pressure. They also appeared to converge with the

critical/ultimate state line at higher pressures, which highlighted the reducing
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influence of cementation, as the increasing confining pressure breaks the

inter-particle bonds and destructures the soil (Figure 2.16).
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1999)

Although the literature offers a respectable amount of research on the
drained triaxial behaviour of cemented soils under triaxial conditions, there is
comparatively little to date using high confining pressures (generally
exceeding 1 MPa). Marri (2010) performed an extensive set of experiments
under such pressures on Portaway sand with a range of Portland cement
contents (0-15% dry weight). Broadly speaking, the same observations can
be made at these high pressures; the addition of cement causes an increase in
peak deviatoric stress, a reduction in the strain associated with this stress,
and an increase in dilation. As with lower confining pressures, an increase in

cement content causes the behaviour to become more brittle.

Marri (2010) showed that uncemented specimens sheared under high
pressures (1-12 MPa) exhibit strain hardening with no peak deviatoric stress,
and undergo contraction during shearing, i.e. they demonstrate completely
ductile behaviour. The addition of cement causes a peak stress to occur, with
the peak increasing and becoming more distinguished with higher cement
content. This is consistent with the discussed literature at low pressures (e.g.

Abdulla and Kiousis, 1997).

Marri (2010) showed that by increasing the cement content, the axial strain

associated with the peak reduces, the initial modulus of deformation
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becomes higher, and increases both the amount and the rate of dilation. For
a given high confining pressure, both uncemented and cemented deviatoric
stress responses appeared to converge, or were approaching convergence
after large strains, due to the cemented specimens becoming destructured,
i.e. the behaviour tended towards uncemented (Figure 2.17). However, even
at high pressures they did not always converge, especially at high cement
contents such as 10 or 15% dry weight, due to a significant portion of bonds
remaining intact, which resulted in groups of particles behaving as larger

particles, effectively changing the macroscopic grading.
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Figure 2.17 Triaxial responses of sand with various cement contents, sheared under a
confining pressure of 8 MPa (Marri, 2010)

At high pressures, an increase in pressure still has a large influence on the soil
behaviour, suppressing the effects of cementation and rendering the

behaviour from ductile to brittle. Marri (2010) demonstrated that increasing
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the confining pressure (e.g. from 1 to 12 MPa) resulted in a higher maximum
deviatoric stress and reduced dilation (increased contraction). At the highest
pressures no clear peak stress was apparent, and all specimens displayed
ductile behaviour with gradual strain hardening. These specimens all
underwent contraction, in contrast to the heavily cemented samples sheared
at relatively lower pressures. However, the effects of cementation were still
very evident at high confining pressures demonstrated in Figure 2.18 which
shows the response of sand with 10% cement content sheared under various

high pressures.

Finally, Marri (2010) showed the failure envelopes for various cement
contents up to high confining pressures. As shown at conventional pressures,
the cementation caused the failure envelope to move upwards in g-p’ space,
and the envelopes exhibited curvature towards the ultimate state line of the
uncemented sand (Figure 2.19). In addition, Marri plotted the failure stress
ratio against confining pressure, which also showed the suppression of
cementation with increasing confining pressure; the difference in peak and

failure stress reduced greatly as pressure was increased (Figure 2.20).
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Figure 2.18 Triaxial responses of sand with 10% Portland cement, sheared under a range of
confining pressures (Marri, 2010)
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Figure 2.20 Effect of confining pressure on the stress ratio at failure for a range of cement
contents (Marri, 2010)

2.3.4 Stress-Dilatancy

Cement content and confining pressure have both been shown to influence
the volumetric strain of sand subjected to triaxial shearing. The actual
tendency of dense granular materials to dilate, i.e. to increase in volume
when sheared is termed as the dilatancy, and plays an important role in
understanding the shear strength. According to the critical state concept,
both the effective stress state and initial soil density affect the dilation of soil,
and as shown in the previous sections cement content also has a dramatic
influence. The general stress-dilatancy relation is usually expressed in the
form R = KD, where R is the stress ratio (0’1/ 0’3), K is a constant and D is the
dilatancy (1 - &g,/ 6g1). Rowe (1962) is generally credited with introducing
the ‘stress-dilatancy theory’, which was deduced from the minimum energy

considerations for particle sliding, and was described as follows:
o'y 1 (T P 2c T ¢
Ex—l_&—tan (Z-I_T +U,3tan Z+T [2.3]
o)

&1

where 0’1 and ¢’3 are the major and minor principal effective stresses, 6, and
b€, are the increments of volumetric and major principal strains respectively,
c is the interparticle cohesion and ¢’s is the friction angle. Rearranging, the

above equation can be written as:
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1 -2 — - [2.4]

which shows that the dilatancy of a soil is influenced by the stress state,
inter-particle friction and the cohesion. It is clear from equation [2.4] that the
dilatancy of a soil is inhibited by the presence of cohesion, or cementation
between the particles, which is in accordance with experimental data (e.g.
Coop and Atkinson, 1993; Cuccovillo and Coop, 1999; Lo et al., 2003).
Moreover, in the previous section it was shown that increasing the confining
pressure changes the behaviour of cemented sand from brittle to ductile, and
because cementation is brittle, this suggests that at higher confining stresses
the behaviour is primarily frictional rather than cohesive. This is somewhat
represented in equation [2.4], where the inter particle bonding represented

by c is normalized by the triaxial confining pressure, 0’s.

Cuccovillo and Coop (1999) analysed the dilatancy of cemented soils during
triaxial shearing, and reported significantly higher dilatancy for intact
specimens when compared to reconstituted specimens, in which much of the
structure and bonding was already degraded. However, despite this
difference between intact and ‘destructured’ samples, the peak dilatancies
(Dmax) for a given soil all followed the expression R = KD 4. Prior to the
peak, two interesting observations were made: intact samples at a given
stress ratio exhibited Jess dilatancy than the reconstituted samples,
confirming that c inhibits dilatancy; and that the rate of dilation for intact
samples decreased with reducing confining pressure (Figure 2.21). However
these delays were compensated for by much faster dilation which culminated
at the peak dilatancy. They postulated that if work is spent on degrading the
bonding, the rate of dilation has to decrease; up to yielding, the bonding
prevents the intact soil from dilating. After yielding, the gradual degradation
initially inhibited dilation, but this was recovered by a rapid increase until a

maximum dilatancy was reached.
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Figure 2.21 Stress-dilatancy relationships of intact and reconstituted silica sandstone over a
range of confining pressures (Cuccovillo and Coop, 1999)

Similarly, Lo et al. (2003) showed that at low strains, cemented soil displayed
lower dilatancy than the equivalent parent soil, which they attributed to the
presence of bonds which suppressed dilation. However, at large strains, the
breakage of bonds resulted in a soil fabric that was more dilatant than the
parent soil, leading to significantly higher dilatancy. This increase in dilatancy
was attributed to the change in grading caused by the broken bonds, and this

dilatancy in turn resulted in higher shear strength.

Yu et al. (2007) also analysed the stress-dilatancy of cemented sand, and
developed a modified constitutive model for bonded granular materials. By
manipulating Rowe’s equation, and ensuring compatibility with critical state

soil mechanics, the dilatancy could be expressed:

5%_9mrﬂn+6§JG+2Mﬁ—ma3—M)

&q_9+3M—2Mn+4§¢B+2Mx3—M)

[2.5]

where 6¢, and &g, are the increments of volumetric and deviatoric stain
respectively, M is the critical state parameter defining the slope of the critical
state line in g-p’ space, n is the stress ratio (g / p’), and c is the inter-particle
cohesion. Yu et al. (2007) plotted idealised dilatancy curves (Figure 2.22)
using equation [2.5] which demonstrated that when sheared under the same
confining pressure, the effect of increasing ¢ was to shift the dilatancy curve

to the left, reducing or preventing dilatancy at a given stress. Increasing the
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cohesion was also seen to linearise the dilatancy curve. Increasing the mean
effective stress (larger confining pressure) shifted the plot to right, increasing
the dilatancy. Their plot suggested that the presence of bonding would cause
a material to reach the critical state, i.e. intercept the y-axis at a higher stress
than the equivalent unbonded material. However, they emphasised that the
bonding, i.e. ¢, is not constant during shear, and implemented a cohesion
degradation rate which allowed realistic stress-dilatancy plots to be modelled.
The inclusion of bond degradation caused the maximum rate of dilatancy to
occur after the peak strength, with the dilatancy line changing direction to
approach the purely frictional (i.e. ¢ / p’ = 0) dilatancy line. Yu et al. (2007)
also presented dilatancy plots for artificially cemented sands from the triaxial
tests performed at low pressures by Schnaid et al. (2001), shown in Figure
2.23 and the correct patterns of behaviour were observed: increasing the
cement content shifted the plot to the left; while increasing the confining
pressure shifted the plot to the right, confirming the relationship expressed in

equation [2.5].
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Figure 2.22 Idealised stress-dilatancy curves showing the effect of the cohesion intercept
(Yu et al., 2007)

Marri et al. (2012) presented stress-dilatancy plots in a similar manner as Yu
et al. (2007) for samples of Portaway sand bonded with Portland cement
sheared at high confining pressures. For a given confining pressure,
increasing the cement content from 5 to 10 and 15% shifted the dilatancy
curve upwards in stress ratio—dilatancy space, shown in Figure 2.24(a). This

resulted in larger stress ratios at the peak and ultimate states. For a given
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stress, increasing the cement content was seen to increase the bonding
between particles. However, the differences in dilatancy curves for various
cement contents were far less pronounced than those reported by Yu et al.
(2007), showing how the effects of cementation diminish at high confining
pressures. For a given cement content, increasing the confining pressure was

seen to reduce dilatancy at a given stress, shown in Figure 2.24(b).
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Figure 2.23 Stress-dilatancy responses for artificially cemented sands: showing the effect of
cement content (a) and confining pressure (b) (Yu et al., 2007)

34



3.0

2.5

2.0

Stress Ratio, n

15 y o’,=8 MPa

10 --5% Cement

—10% Cement

0.5
15% Cement

0.0 T T T T
-3 -2 -1 0 1 2 3
Dilatancy, -6¢, / 6£q

(a)

3.0

25

2.0
P 10% Cement
/_{/—a Content
10 2 | --4 MPa
/
2 | —8MPa
05 2T
. 12 MPa
AN

0.0

1.5

Stress Ratio, n

-3 -2 -1 0 1 2 3
Dilatancy, -6¢, / &g,

(b)

Figure 2.24 Stress-dilatancy responses for artificially cemented sands sheared under high
confining pressures: showing the effect of cement content (a) and confining pressure (b)
(Marri, 2010)

2.3.5 Other Factors influencing Behaviour

A number of other factors influence the behaviour of cemented sands during
shear, most notably the soil particle properties and the density of the
specimen. Particle properties include the size and grading, intrinsic particle
strength and shape (e.g. angularity). There is a moderate amount of
literature highlighting the effects of varying the specimen density of

cemented soils, although the same cannot be said for particle properties.

Abdulla and Kiousis (1997) questioned previously published research on the
behaviour of cemented soils, scrutinising the variation in specimen size,
shape, and preparation methods used by various authors. They found that
for triaxial testing, the diameter of samples ranged from 38 mm to 83 mm,

with 50 mm the most common. They suggested 38 mm to be too small to
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provide reliable results, as smaller samples demonstrate stiffer and stronger
behaviour when compared to larger samples tested under the same
conditions. They also analysed the shape of samples used in the literature,
i.e. the aspect ratio (height + diameter), however almost all research available
on triaxial testing of cemented materials use samples with an aspect ratio of

2, albeit with some variation in size.

Some of the research already discussed included triaxial tests on a given
material with a range of different initial densities. For example, Huang and
Airey (1998) took into account the influence density had on the effect of
cementation, and as such recommended against using the proportion by
weight as a measure of cement content. They claimed that any measure
based on proportion by dry weight (as is the usual procedure) would be
unable to describe the changing influence of cementation with density, and
furthermore, such a measure would be difficult to determine in natural soils.
They suggested instead using the strength of the bonded soil in proportion to
the strength of the unbonded soil as a gauge of the degree of cementation.
Huang and Airey (1998) observed that for a given cement content (e.g. 20%),
a increasing the density increased both the shear modulus and strength.
However, they suggested the relative effects of cementation decrease with
increasing density. The addition of cement resulted in a relatively larger
increase in strength and modulus for the lo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>