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Abstract

There have been numerous studies which have both experimentally investigated and
mathematically modelled the mechanics controlling the deformation of a sediment.
However, there have been relatively few studies which have systematically
investigated the effects of pore fluid chemistry, stress magnitude and grain size,
although these factors are known to influence both time-independent and time-
dependent deformation. This study aims to provide a better understanding of the
mechanical processes which control the compaction and creep behaviour of oolitic

sands.

A systematic study has been undertaken to investigate the roles of effective stress,
pore fluid chemistry and the initial grain size distribution, on the rate and extent of
compaction. This study investigates the time-independent compaction of sands by
uniaxial K, compression and undrained shear deformation experiments performed in
a high pressure triaxial cell. Time-dependent behaviour is investigated by constant

stress creep tests, performed in oedometric cells,

Results sho'w that the deformation characteristics of oolitic sand are most strongly
influenced by the effective stress magnitude. Deformation behaviour during K,
compression, undrained shear and creep is significantly different at stresses above
and below the critical pressure for grain crushing and this behaviour can be
described in terms of the Critical State Model: Oolitic sands behave as an

overconsolidated material with a ‘dry of critical’ stress/pore volume state.

At high stresses, stress corrosion is thought to enhance grain fracturing and grain-
to-grain crushing. Experimental and microstructural data indicate that this is further
enhanced in the presence of aqueous fluids and with increased time. No grain size
deformation trends are seen in the oolitic sands tested here. This is attributed to
the bimodal porosity which influences the deformation characteristics: An
intergranular porosity promotes increased deformation in larger grains. However, an
intragranular porosity complicates any such trends as the magnitude of this micro-
porosity is dependent on the shape and size of the aragonite crystals forming the

ooids as well as the size of the individual ooids themselves.
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Chapter 1

Introduction

1.1 Origin of research

Sediments can be defined as aggregates of mineral particles which are in frictional
contact but not cemented together. There are fundamental differences between the
mechanical behaviour of sediments and lithified sedimentary rocks. This is due to
the strength of their intergranular bonds (Jones 1994). Lithified rocks have strong
intergranular bonds compared with the weak frictional intergranular contacts of

particulate sediments.

The particuiate deformation that characterises buried sediments can persist to
substantial depths (to the order of several kilometres) in the Earth’s crust.
Understanding the mechanics of this deformation has become increasingly
important for the characterisation of sub-surface reservoirs (e.g. Addis and Jones
1985, Jones et al. 1987, Leddra 1990, Jones and Mathieson 1993). The strength
and porosity of sediments depend crucially on the degree to which diagenetic
processes have caused compaction and lithification. Sediment and sedimentary
rock bodies with good reservoir characteristics will be those where compaction and
cementation of the pore space has been limited, or where leaching has created a

secondary porosity.
From microstructural observations of sediments deformed under upper crustal

conditions, it is understood that the time-independent or quasi-instantaneous

mechanical compaction is dominated by grain rearrangement and grain fracturing
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(Groshong 1988, Knipe, 1989, Lloyd and Knipe 1992, Brzesowsky 1995). Time-
dependent grain rearrangement and grain fracturing creep effects may also be
important in sediments and it is known that pore fluids can enhance the kinetics of
sub-critical grain cracking mechanisms (Atkinson and Meredith 1989, Zhang et al.
1990, Schutjens 1991, Elias and Hajash 1992, Milliken 1994, Dewers and Hajash
1994, Brzesowsky 1995). Therefore, both time-dependent and time-independent
grain failure and grain rearrangement compaction processes can be considered as
important phenomena which contribute to the porosity and permeability evolution of
sediments. In addition, chemical compaction processes such as pressure solution
may also contribute to the total deformation (Rutter 1983, Knipe 1989, Spiers
1990).

Time-independent deformation mechanisms are generally considered to control the
compaction in rapidly subsiding basin settings (Donaldson et al. 1995) and the
compaction of hydrocarbon reservoir rocks resulting from production processes
(Zoback and Byerlee 1976, Jones and Mathieson 1993, Donaldson et al. 1995). In
both cases, compaction can lead to surface subsidence. These deformation
mechanisms are also of great importance in the stability assessment of foundations
(Lee and Farhoomand 1967, Vesic and Clough 1968, Lambe and Whitman 1979).
Time-dependent mechanisms can also be of importance in each of these settings
as creep phenomena may be initiated, giving rise to continued surface subsidence
after the hydrocarbon extraction or construction activity has ceased (Jones and
Mathieson 1993, Schutjens et al. 1994, 1995).

In view of the above mentioned areas of interest, there is a need for a thorough
understanding of the mechanisms and the environmental factors controlling the
compaction behaviour of sediments. There already exists a considerable body of
theoretical and experimental work regarding the time-independent compaction and
compaction creep behaviour of sediments under near-surface and upper-crustal
conditions where brittle processes are important (e.g. Lambe and Whitman 1979,
de Waal 1986, Leddra 1990, Schutjens 1991, 1995, Kageson-Loe 1993, Mehta
1994, Brzesowsky 1995). However, few previous experimental studies performed on
sediments have systematically investigated the effect of applied stress, grain size
and chemical environment on either time-independent compaction or compaction

creep behaviour. One exception is Brzesowsky (1995), who has reported a
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systematic study of the effect of stress magnitude, grain size and chemical

environment on the deformation of siliceous sands.

However, dissolution and precipitation of the mineral material is far more
pronounced in carbonates than in siliceous sands, and significant cementation
strengths can develop after relatively shallow burial and in short times (Ferguson et
al 1984, Watt 1987, Heming 1992). Thus, apart from their intrinsic importance,
carbonate sediments also provide an ideal material for a laboratory investigation of
sediment compaction. For this study, the deformation and dissolution of the
individual mineral grains is examined and so an initial uniform grain shape is
beneficial. Oolitic sands were therefore selected as the ideal material for this study
Figure 1.1(a) shows an example of a cemented oolitic sand from Joulter's Cay,

Bahamas. '

Ooids are formed when the calcium carbonate polymorph aragonite precipitates out
of seawater, which is supersaturated with calcium carbonate, in shallow water sub-
tropical environments. The aragonite laths precipitate onto a nucleus, which may be
a shell fragment or peloid, and concentric layers of aragonite are built up over time.
Figure 1.1(b) show these aragonite laths forming the outer cortex of an ooid. The
resultant oolitic sand consists of well-sorted and highly rounded grains composed

predominantly of aragonite (Bathurst 1975, Morse and Mackenzie 1990).

In addition to oolitic sand being an ideal laboratory material with which to study
particulate deformation, it is also important to understand the deformation
characteristics and diagenesis of ooids and oolitic sands as they form important
reservoir rocks in the Middle East, for example in Kuwait. Furthermore, there is a
large body of theoretical and experimental work which has modelled the deformation
of artificial spherically-grained materials, such as glass beads (e.g. Rumpf et al.
1967, Rumpf and Schonert 1972, Stief 1976, Gallagher 1974, Shipway and
Hutchings 1993, Hagerty et al. 1993). Ooids are a naturally occurring spherically-
grained material. Hence, the deformation characteristics of oolitic sand can be
directly compared with the deformation characteristics of these artificial materials.
From this, the influence on deformation of factors such as grain shape, grain size,

porosity and grain arrangement can be more fully understood.
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1.2 Previous experimental research on the deformation of
oolitic sands

There have been two main areas of interest with experimental investigations of
diagenesis in oolitic sands. Workers from Imperial College London (Ferguson et al.
1984, Watt 1987 and FAeming 1992) have focused on the chemical aspects of
diagenesis with particular reference to cementation. Conversely, Bhattacharyya and
Friedman (1979, 1983 and 1984) have looked at microstructural textures resulting
from compaction of ooids at high diagenetic temperatures and pressures and the
effect of carbonate mud content on deformation at low diagenetic temperatures and
pressures. As part of each of these studies, different controls on deformation and
cementation have been independently investigated, including pore fluid chemistry,
lithology, grain type/shape, grain size, sorting, temperature and pressure. These
studies are summarised below and are grouped by the experimental conditions of

temperature and pressure imposed.

At high diagenetic temperatures (150-200 °C) and applied pressures (82-156 MPa),
Bhattacharyya and Friedman (1984) uniaxially compacted saturated oolitic samples
under drained conditions. Within the range of pressures and temperatures utilised,
they found that bulk volume reduction and porosity loss did not vary with samples
saturated with distilled water. The authors suggest that this constancy is due to the
well-sorted, welltounded nature of the oolitic sand grains, causing resistance to
further deformation. They conclude that extreme pressures of higher than 156 MPa
are needed to induce further compaction. However, samples saturated with marine
water showed variations with each different pressure, but no discernible trend with
pressure increase. The authors state that the significance of this, if any, is not

Known.

Bhattacharyya and Friedman (1984) also found that independent increases in
pressure, temperature and the salinity of the pore fluid each affected the mode of
deformation. Microstructural studies showed that, with increasing pressure and pore
fluid salinity, grain contacts resulting from ‘plastic deformation’ (i.e. longitudinal and
concavo-convex contacts) dominated over grain contacts resulting from diffusive
mechanisms (i.e. sutured contacts) with point contacts being the least common

(Fig. 1.2 and Table 1.1). Conversely, independent increases in temperature resulted
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Test conditions Compaction (%) Type of grain contact Mode of grain breakage (%)

Pore fluid Bulk Corncavo-

M = marine Temp. Pressure Volume Initial Final Porosity convex/ Diagonally
No. D = distilled (°C) (MPa) Reduction Porasity Porosity Reduction Point Longitudinal Sutured Undeformed Crushed Buckled Split Spalled Fractured
0 | Dy 20 - - 40.2 - -1 100.0 - - 100.0 - - - -
1 (™ 150 82 24.4 40.2 20.8 48.2 16.9 48.6 34.4 23.9 5.2 4.9 1.7 37.8 26.4
2 |D 150 92 21.2 40.2 24.0 40.2 15.4 455 39.1 19.8 10.2 6.3 1.6 42.4 19.5
3 1|D *200 111 21.2 40.2 24.0 40.2 24.7 52.5 22.8 23.6 8.5 3.9 1.0 47.5 15.3
4 |D 20 131 21.2 40.2 24.0 40.2 13.1 51.4 35.5 23.2 6.4 29 35 42.6 21.3
5 M 150 131 21.2 40.2 24.0 40.2 16.3 529 30.8 26.8 4.8 4.4 0.6 40.1 23.0
6 |D 150 131 21.2 40.2 24.0 40.2 14.9 45.6 39.4 22.5 6.9 3.9 1.1 43.6 21.8
7 | M 150 148 26.8 40.2 18.3 54.2 16.1 53.1 30.8 19.2 4.0 7.4 3.7 37.7 27.9
8 |D 150 156 21.2 40.2 24.0 40.2 11.2 53.4 35.4 20.0 7.3 7.6 25 41.9 20.6

Table 1.1: Deformation of textures of ooids resulting from compaction at various temperatures and pressures (from Bhattacharrya and Friedman 1984). *Temperature raised in a few

minutes and kept constant for the rest of the period. This experiment ran for 72 hours; others ran for 96 hours.




in sutured contacts being dominant over ‘plastic deformation’ textures. It should be
noted that the authors point out that the ‘plastic deformation’ textures seen could
be a consequence of microfracturing not seen at the magnification used. In
addition, the authors note that pressure and temperature gradients imposed were
higher for samples subject to higher final pressures and temperatures, and may

affect the extent of chemical compaction seen.

With regard to grain breakage, increased salinity resulted in an increased proportion
of diagonally fractured and undeformed grains with respect to the proportion of
spalled grains (Fig. 1.2 and Table 1.1). However, no appreciable difference was
seen in the different proportions of grain fracture types as a result of pressure or
temperature increases. No conclusions were drawn by the authors with regard to

grain fracturing trends.

At high temperatures (170-210°C) and low isotropic pressures (5-11 MPa),
Ferguson et al (1984), performed undrained experiments which showed that
chemical diagenesis dominated over mechanical diagenesis. Cementation occurred
within about one month at temperatures of 170-210 °C. The lowest temperature at
which cementation occurred was found to be 140 °C, over a period of seven
months. Under similar experimental conditions, Watt (1987) found that coated
grains, such as ooids and peloids, were more reactive than shelly fragments. She
also found that aragonite dissolution increased with decreasing grain size of ooids.
A decrease in grain size correlates to an increase in surface area of the sediment,
hence, reaction rates are likely to be increased. Watt also found that an isotropic
pressure increase from 5 to 11 MPa resulted in reduced aragonite dissolution.
However, no explanation is given for this phenomena. Experiments with different
pore fluids found that freshwater was more reactive than seawater, resulting in
increased aragonite dissolution. Watt attributed this to the presence of the Mg?,
S0,% and PO,? ions found in seawater which act as CaCO, reaction inhibitors (Morse
1983). However, it should be noted that this result was based on a single
freshwater experiment. Conversely, Fleming (1992), in similar isotropic experiments
at 6.9 MPa and 200 °C, found that more dissolution occurred in samples saturated
in a seawater/freshwater mixture than with samples saturated in seawater or
freshwater. Little difference in dissolution was seen between the seawater and pH 6

freshwater saturated samples. However, freshwater saturated samples with an
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initial high pH of 8.5 showed no dissolution. Along with other workers (e.g.
Badiozamani 1973, Plummer 1975), Fleming has noted that mixing of freshwater in
equilibrium with calcite and seawater supersaturated with calcite could produce a

solution undersaturated with calcite (Fig. 1.3).

At low temperatures and low stresses, there has been relatively little experimental
investigation of oolitic sand diagenesis. Fleming (1992) showed, with one
experiment performed at 25 °C and a uniaxial applied stress of 34.5 MPa, that
aragonite dissolution is considerably less than under the same conditions but with
an increased temperature of 200 °C. Bhattacharyya and Friedman (1979) undertook
an investigation of the effect of carbonate mud content in oolitic sand samples at
room temperature and pressures up to 55 MPa. Findings showed that the amount
of carbonate mud contained in the sample was proportional to the number of

undeformed grains contained within the sample post-deformation. In addition,
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Fig. 1.3: Saturation index of calcite in mixtures of seawater and solutions of freshwater in equilibrium
with calcite at differing CO, partial pressures and a temperature of 5°C (from Plummer 1975).
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increased rhud content resulted in a decrease in the proportion of spalled grains
(Fig. 1.2). Buckled and faulted grains (Fig. 1.2) were only found in samples which
were grain-supported. The authors suggest that the stress concentrations increase
faster when the grains are in contact, thus ultimately resulting in fractured grains.
The research shows that the prelithification deformation of ooids in a carbonate
sediment is not found to be homogeneous. However, this is generally thought not to
be the case in lithified sediments, where deformation of allochems tends to be
homogeneous. Thus, the inhomogeneous deformation of allochems appears to be
an important characteristic in determining whether the fabric was generated before

or after lithification.

1.3 Research objectives

From the above summary it can be seen that some interesting and important results
have arisen from previous investigations into the environmental and lithological
controls of oolite diagenesis. However, although the controlling factors of grain size,
pore fluid type and stress magnitude have been shown to be important, they have
not been systematically investigated. This is particularly so for conditions simulating
the upper crustal environment. In addition, no significant work has researched the
effect of shear (i.e. differential stress) or creep on the deformation characteristics

of oolitic sand.

In view of the cited previous work, the research objectives of this study are specified

as follows:-

e To investigate systematically the effect of grain size, pore fluid chemistry and
stress magnitude on the time-independent (short-term) behaviour and time-
dependent (creep) behaviour of oolitic sands undergoing simulated burial

diagenesis (uniaxial strain).
e To investigate systematically the effect of grain size, pore fluid chemistry and

stress magnitude on the time-independent (short-term) behaviour of oolitic sands

undergoing simulated shear deformation (triaxial strain).
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e To determine the deformation mechanisms which are operative and the
deformation mechanisms which are dominant as a result of the environmental

conditions.

o To synthesise the different deformation responses to the differing applied
conditions, and draw conclusions about the important factors of ooid compaction

in the crustal environment

1.4 Organisation of thesis

This thesis is organised into two main sections. Firstly, background theory and
previous work are brought together to present a current understanding of sediment
deformation (Chapters 1, 2, and 3). Secondly, the experimental apparatus,
variables and materials of this study are presented (Chapter 4), followed by results

and discussion chapters (Chapters 5 to 8).

Chapter 1 introduces the problems to be investigated and defines the research
objectives of this study.

Chapter 2 presents an overview of the processes of sediment deformation. The
concepts introduced, such as effective stress and consolidation, are taken primarily
from the field of soil mechanics. The processes of sediment deformation are

defined in terms of shear and compression and critical state theory is introduced.

Chapter 3 describes the mechanisms by which the deformation processes,
described in Chapter 2, manifest themselves. These are mechanisms which are
operative at the conditions of pressure and temperature found in the upper crustal
levels of the Earth pertinent to this study. A summary of recent research, which has
investigated the environmental controls of these deformation mechanisms, is also

presented.
Chapter 4 introduces the experimental programme for this study. The experimental

materials, variables, apparatus and types of experiments are all fully described.

Details of the analytical techniques used to examine samples after deformation are
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also given.

Chapters 5 and 6 present the experimental techniques and the results for the time-

independent compaction experiments. The experiments in Chapter 5 are designed
to simulate the time-independent uniaxial deformation of oolitic sands, whereas, the
experiments in Chapter 6 are designed to simulate undrained triaxial (shear)
deformation. Both sets of results are described in terms of the effect of stress
maghnitude, pore fluid chemistry and the initial grain size distribution. Related

previous work is presented and the results are compared and discussed with these.

Chapter 7 presents the techniques and results of the time-dependent compaction
experiments. These constant stress creep tests are also described in terms of the
effect of stress magnitude, pore fluid type and the initial grain size distribution. In
addition, the effect of increased time on the deformation characteristics is also
described. In the discussion, a comparison is made between these results and

those of other workers which have also been presented.

Chapter 8 synthesises the time-independent and time-dependent deformation
behaviour of oolitic sands. These findings are discussed in the context of the crustal
environment. The conclusions of this study are presented in this chapter, along with

recommendations for future work.
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Chapter 2

Sediment deformation
- an overview

2.1 Introduction

Sediments can be defined as aggregates of mineral particles which are in frictional
contact but not cemented together. However, it should be noted that some
sediments, especially clays, may develop weak interparticle bonds. In geology, the
term sediment has sometimes been used to describe cemented sedimentary rocks

but the use here has been confined to particulate bodies.

There are fundamental differences in the mechanical behaviour of lithified
sedimentary rocks and particulate sediments. This is due to the strength of their
intergranular bonds (Jones 1994). Lithified rocks have strong intergranular bonds
compared with the weak frictional intergranular contacts of particulate sediments.
When an applied force is removed from a lithified rock, most of the strain is
recovered as the stress decays. This behaviour is described as elasticity and is a
normal phenomena in strongly bonded materials (Jaeger and Cook 1979). All rocks
and sediments exhibit elasticity at small strains, but in highly compressible

materials such as unlithified sediments, this behaviour is limited (Burland 1989).

In particulate sediments, the intergranular frictional contacts are far weaker than
the intragranular bond strengths. Therefore, grains will tend to slide past one
another on application of a force and elastic distortion of intragranular bonds will be
negligible. If the force acting is removed, then the stress decays, but some strain

state will be preserved. This is because, very little of the accumulated strain is
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achieved with elastic deformation, so only a minimal amount will be recovered on
removal of the force. This phenomena is characteristic of the deformation of
particulate materials, including sediments (Atkinson and Bransby 1978, Karig and
Morgan 1994, Jones 1994).

This distinction in the mechanical behaviour of lithified sedimentary rocks and
unlithified sediments accounts for the predominantly independent development of
the disciplines of soil mechanics and rock mechanics. However, most sedimentary
rocks exhibit a combination of both elastic and anelastic deformations, depending
on stress magnitudes (Uriel and Serrano 1973, Jones and Leddra 1989, Jones et
al. 1991, Kageson-Loe 1993) and an increasing integration of the fields of soil
mechanics and rock mechanics is required to further understanding of the

deformation of this important group of Earth materials.

The transformation of particulate sediments into sedimentary rocks is termed
lithification and is the result of a combination of mechanical and chemical
interactions. The chemical component of lithification, here referred to as diagenesis,
operates by a number of processes with the most dominant being cementation. This
process of cementation occurs when mineral matter is precipitated into pore spaces
resulting in sediment grains being bonded together. Other well documented
processes of diagenesis include dynamic recrystallization (a solid-state
reorganisation of the mineral matter), diffusive mass transfer (solid-state movement
of mineral matter from highly stressed sites to sites of lower stress) and pressure
solution (diffusion of material from highly stressed sites along a thin fluid film at
grain boundaries). Excellent reviews of these mechanisms can be found in Groshong
(1988), Knipe (1989) and Lloyd and Knipe (1992).

This chapter describes the mechanical aspects of lithification, which includes
deformation processes such as compression and shear. The mechanisms by which
strains are accumulated during deformation include phenomena such as
consolidation (Taylor 1948, Terzaghi and Peck 1948, Atkinson and Bransby 1978,
Lambe and Whitman 1979), grain-scale brittle fracture and grain rearrangement by
intergranular sliding and rotation (Groshong 1988, Knipe 1989). Research which
has investigated these mechanisms and the influence of environmental and

lithogical factors is reviewed later in Chapter 3.
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The mechanics of particulate materials has been studied in several different fields.
Amongst these are the fields of geology, civil engineering and materials science.
The particulate deformation that characterises sediments can persist to substantial
depths (of the order of several kilometres) in the Earth’s crust. Understanding the
mechanics of this deformation has become increasingly important for the
interpretation of the behaviour of sub-surface reservoirs (e.g. Addis and Jones
1985, Jones et al. 1987, Potts et al. 1988, Leddra 1990, Schutjens et al. 1994)

In addition, at shallow depths, the study of sediment deformation is of great
interest in the field of civil engineering, particularly with regard to foundation
engineering and subsidence problems. The sediments are generally referred to as
soils and the mechanical behaviour of such materials is described extensively in the
soil mechanics literature (e.g. Schofield and Wroth 1968, Vesic and Clough 1968,
Atkinson and Bransby 1978, Lambe and Whitman 1979). However, the majority of
research conducted in this field has focused on the very shallow depths (less than

200 m) which concern the construction industry.

A brief overview is presented here of the general theory of sediment deformation.
The principles are taken from the field of soil mechanics and the many texts
available should be consulted for a more comprehensive discussion (e.g. Schofield
and Wroth 1968, Atkinson and Bransby 1978, Lambe and Whitman 1979, Bolton
1991, Atkinson 1993).

2.2 The Mechanical Role of the Pore Fluid

A porous sediment can be described as a multi-phase system comprising a solid
phase (the mineral particles), a liquid phase (usually water or hydrocarbon) and a
gaseous phase (usually air or natural gas). If the sediment is fully saturated, there
will be only the solid and liquid phases present with all the pore spaces being filled
with the liquid.
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2.2.1 The Concept of Effective Stress

If a saturated soil is in equilibrium under an applied load, the total stress () normal
to a given plane is carried partly by the solid particles through their points of contact
and partly by the fluid in the pore space (Fig. 2.1). This results in a hydrostatic
pressure being generated in the pore fluid. It is the interaction of the total stress
and pore fluid pressure which controls the behaviour of the sediment. This is the
concept of effective stress and Terzaghi, in 1925, showed experimentally that for a

fully saturated homogeneous soil:-
¢’ =0-U (2.1)

Where, 6’ is the effective stress, o is the total stress and Uy is the pressure in the
pore fluid. Thus, the effective stress is equal to the total stress minus the pore fluid
pressure and controls certain aspects of soil behaviour, notably compression and

strength (Terzaghi 1936, Atkinson and Bransby 1978, Lambe and Whitman 1979).

If a permeable saturated sediment is subject to gravitational loading, the pore fluid
pressure will increase with depth in a similar manner to the vertical stress (Fig. 2.2).
However, the rate of increase will be less as this depends on the density according

to the equation:-

o =pgh (2.2)

Where, o is the stress, p is the bulk density of the sediment, g is the acceleration
due to gravity and h is the burial depth. (This equation is derived from Newton’s
Second Law of Motion which states that the force acting on a body is the product of
its mass and acceleration). From the equation of effective stress (2.1), the total

vertical stress acting on a fully-saturated unit of sediment at a depth h, would be:-

G, =0, +U, (2.3)

Where, O, is the total vertical stress and O is the vertical effective stress. Using

Equation 2.2, this equation (2.3) can also be written in terms of density, to give:-
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Fig. 2.1 Schematic diagram showing that the total stress is carried partly by the mineral grains at their
points of contact and partly by the pore fluid. (g, is the vertical total stress component, g, is the
horizontal stress component and u is the pore fluid pressure).
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Fig.2.2: Graphical illustration of how the pore fluid pressure (u) increases with depth in a similar manner
to the total vertical stress (ov), but at a lesser rate.
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Where, ¢ is the porosity of the sediment, p, is the density of the mineral particles
and p is the density of the pore fluid. Thus, the pore fluid pressure increases in a
similar manner to that of the vertical stress with increasing depth, but at a lesser
rate as it is one of two components of the total stress, with the vertical effective
stress being the other. For an example, consider a fully-saturated oolitic sediment
with a porosity (¢) of 40%. The ooids are comprised of aragonite with a density (o,,)
of 2940 kgm™ whereas, the pore fluid, if water, would have a density (o) of 1000
kgm3. The total vertical stress (g,) acting on a unit of sediment, at a depth h and

taking g as 9.81 ms?, would be approximately:-

o, = ( 60 x 2940 x 9.81 x h) +(-ﬁ9— x 1000 x 9.81 x h)
100 100 (2.5)

o, = 17305h + 3924h (2.6)

Therefore, o, = 17305h Pa and u; = 3924h Pa, and the effective stress increases

with depth at a rate over four times greater than for the pore pressure.

Terzaghi’'s simple effective stress relationship (Equation 2.1), of 1925, does not
take into consideration the distribution and variation of porosity, but it has been
shown that the effective stress becomes independent of the internal contact area
under certain limiting conditions (Skempton 1960, Jones et al. 1987, Bolton 1991).
Equation 2.1 also assumes that both the grains and the pore fluid are
incompressible but several studies have indicated that the compressibility of the
grains, the mineral skeleton and the pore fluid have a pronounced effect on the
effective stress magnitude (Skempton 1960, Bishop 1976, Jones et al 1987).

Terzaghi’'s effective stress equation was modified by Skempton in 1961, to account
for the bulk compressibility of the sediment or rock and the compressibility of the

mineral particles:-

’ Cm
Ac'= Ac - (1 - ?-jAUf (27)
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Where, Ao’ is the change in effective stress (Pa), Ao is the change in total stress
(Pa), Ay, is the change in pore fluid pressure (Pa), C,, is the compressibility of the
solid or mineral phase (m?kN?) and C is the bulk compressibility (m%kN?) of the
sediment. However, Table 2.1 shows that at low stresses, the term C,/C is
negligible for sands. Therefore, it can be assumed that for sands the compressibility
of the sediment particles has negligible effect on the effective stress and, therefore,
Skempton’s equation (2.7) effectively reduces to Terzaghi's equation of effective
stress (2.1). Conversely, the effective stress concept has a reduced importance on
the behaviour of intact rocks (Farmer 1983) as compressibility ratios are
significantly higher. For example, Table 2.1 gives a compressibility ratio of 0.46 for

quartzite.

However, this modified equation of effective stress assumes the material is
homogeneous, elastic and exhibits Hookean behaviour (Jones et al, 1987). As
sediments generally exhibit anelastic behaviour, then the compressibilities may
significantly alter with changing effective stress state. Therefore, the
compressibilities relating to one effective stress state may not be applicable to
another. Thus, this modified equation should only be applied to those materials, or
those stages of deformation which exhibit elastic behaviour. Terzaghi's original

equation (2.1) is generally more applicable to materials where the compressibility of

Compressibility (mPkN* x 10°)

Material c C, C,./C

Quartzite 58 27 0.46
Quincey granite 75 19 0.25
Vermont marble 175 14 0.08
Concrete 200 25 0.12
Dense sands 1800 27 0.0015
Loose sands 9000 27 0.0003
London clay 7500 20 0.00025
Gosport clay 60000 20 0.000 03

Table 2.1: Compressibilities of various materials at 10 kPa pressure, with C, (pore water
compressibility) = 480 x 10° m2kN? (after Skempton 1961).
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the structure is greater than that of individual grains (Jones et al. 1987, Addis
1987). In addition, Bishop and Skinner (1977) examined the validity of Terzaghi's
equation (2.1) by conducting high pressure tests on a variety of materials and
concluded that the effective stress equation is valid for stresses up to 70 MPa.
Similarly, Lade and De Boer (1997) found that the effective stress equation holds
for stresses up to 100 MPa. From this, it is assumed that Terzaghi's effective

stress equation (2.1) is valid for experiments conducted in this study.

2.2.2 Consolidation

Although total stress acts on both the mineral framework and the pore fluid, the
instantaneous response of a fully saturated sediment to an increase in total stress
is an increase in pore pressure. This excess pore pressure will be equal to the
increase in total stress and in a drained sediment will cause the pore fluid to flow
from the sediment. This results in a transfer of the excess stress from the pore
fluid to the grain framework, resulting in an increase in effective stress and a
decrease in pore volume. The process by which this occurs is termed consolidation
and it results in a compaction of the sediment in response to an increase in
effective stress until the system has equilibrated to the applied load (Terzaghi
1936, Terzaghi and Peck 1948, Taylor 1948, Atkinson and Bransby 1978, Lambe
and Whitman 1979). The change in effective stress and the associated volume
strains are sensitive to, and dependent upon, the rate of pore pressure dissipation.
The sediment is said to be fully consolidated when all of the excess pore pressure
has dissipated. (It should be noted, that the term consolidation is used here in its

specific geotechnical sense and not the geological term which infers lithification.)

An illustration of the consolidation process can be seen in Figure 2.3. This shows
the piston and spring analogy, as simplified by Taylor (1948), from Terzaghi and
Peck (1948). Figure 2.3(a) shows a cylindrical cylinder fitted with a watertight but
frictionless piston of negligible mass and area A and fitted with a closed drainage
valve. The cylinder is filled with water, and between the piston and the base is an
elastic spring. The system is in equilibrium at this stage with no excess fluid

pressure and no compression of the spring.
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If a weight of 200 N is applied to the piston (Fig. 2.3(b)), water cannot escape as
the valve is closed and the piston cannot move down to compress the spring.
Consequently, the downward force on the piston is equalled by an upward force from
the resulting excess pore fluid pressure. If the valve is then opened (Fig. 2.3(c)),
the water can escape and the load is progressively transferred to the spring as the
piston sinks (Figs. 2.3(c)-(g)). Eventually, the spring will be carrying all of the
applied load as all of the excess pore fluid pressure will have dissipated (Fig.
2.3(g)). Once again equilibrium is restored to the system and it is said to be fully

consolidated to the applied load.

The time required to reach this new equilibrium state is dependent on the size of
the drainage outlet, the viscosity of the water and the compressibility of the spring.
In a real sediment system, the size of the valve would be analogous with the
permeability of the sediment and the compressibility of the spring would be
analogous with the compressibility of the sediment. Thus, the rate of development
of a new equilibrium effective stress is dependent on the permeability of the
sediment, the length of drainage path and the viscosity of the fluid. Consequently,
the relative importance of consolidation in a sediment will vary with the type and
thickness of the sediment (Lambe and Whitman 1979). The type of sediment will
influence the permeability, and hence the relative ease of pore fluid expulsion.
Similarly, the thickness of the sediment will influence the time required for

dissipation of excess pore pressures.

If the excess pore pressures are negative, so that the sediment tends to increase in
volume, the process is called swell. The mathematical theory describing the
dissipation of excess pore pressures, both positive and negative, and associated
deformation of the sediment is called consolidation theory. Derivations of the
mathematical theory of consolidation are not given here but are described by Biot
(1941, 1955, 1956) and Terzaghi (1936, 1943). However, Terzaghi (1936) derived
an equation to show the relationship of the parameters concerned with

consolidation:-

d’u, d’u, do,

C,—= = -
Y'dz?  dt?  dt (2.8)
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Where, U, is the excess pore pressure, tis the time, o, is the total vertical stress

and Zis the depth. C, is the coefficient of consolidation and is given by:-

Cy = p,C/K (2.9)

Where, K is the hydraulic conductivity of the sediment, C is the bulk compressibility

of the sediment and Py is the density of the pore fluid.

Consolidation accompanies the deposition and burial of all sediments owing to the
progressive increase in vertical (gravitational) stress as burial depth increases. The
sediment becomes progressively overlain by additional, later-deposited sediments
and becomes subject to a load of a magnitude dependent on the depth of burial and
the bulk density of the overlying sediments or overburden. In sands and other highly
permeable sediments, burial is not accompanied by the development of excess pore
fluid pressures and the time required for full consolidation of the sediment is
extremely short (Jones 1994). However, in clays and other low permeability
materials, excess pore pressures do develop and the rate of dissipation of these
may be slower than the rate of increase in vertical stress due to burial. This leads to
progressive overpressuring of the sediment as burial progresses. The resulting
excess pore pressures can be sustained over geological periods of time (Yassir
1989, Jones 1994, Petley 1995) and the sediment is underconsolidated to the
load. Porosity reduction which maintains mechanical equilibrium with the burial load

is called normal consolidation.

Consolidation can also occur as a response of sediments to tectonic forces. An
example of this occurs with the creation of accretionary prisms which are formed at
converging margins of lithospheric plates: the compressive tectonic stresses result
in lateral consolidation of the obducted sediments (e.g. Karig and Hou 1992, Karig
and Morgan 1994).

In summary, consolidation can be described as a compression coupled with
seepage, or pore fluid expulsion (Atkinson 1993). The dissipation of excess pore
pressure is a time-dependent process related to the permeability of a sediment. For
a given stress state, compaction occurs with pore volume reduction by the expuision

of pore fluids until an equilibrium pore volume is reached.
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2.2.2.1 Overconsolidation

Overconsolidation is a phenomenon also seen in nature (Mayne 1988, Rafalovich
and Chjaney 1991). It commonly occurs when normally consolidated sediments
become uplifted due to the erosion of overlying sediments. This leads to a decrease
in overburden stress and the sediment is overconsolidated to the applied load.
Overconsolidated materials tend to be brittle and their limited pore volume imparts

a stiffness.
2.2.2.2 Underconsolidation

Underconsolidation refers to the specific situation where high pore pressures have
been preserved in a sediment during burial and an equilibrium effective stress state
has not been reached. The sediment will not be fully consolidated to the applied
load and can be described as overpressured and undercompacted. It will be
amongst the weakest of geological materials, as it has only experienced limited

consolidation and supports large pore volumes (Yassir 1989, Jones 1994).

It should be noted that overpressuring in sediments can also be a result of the
secondary generation of excess pore fluid pressure from such phenomena as, for
example, dehydration of hydrous minerals, invasion by fluids released during
dehydration of more deeply buried rocks, geothermal heating and gravitational
segregation of multi-phase fluids (Yassir 1989). This secondary excess pore fluid
pressure could result in the sediment being overconsolidated to the applied load: as
the fluid pressure increase would be accompanied by an equivalent reduction in

effective stress.

2.3 Stress space and stress paths

In order to analyse the mechanics of any kind of structure or body, it is necessary to
establish relationships between stresses and strains. These are called constitutive
relationships and can take a number of different forms depending upon the nature
of the material and the loading path. For particulate bodies such as sediments,

volume changes that occur during compression and shearing are very important. In
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order to describe sediment behaviour, shear and volumetric strains and responses
to shear and normal loading must be examined (Atkinson 1993). It should be noted
that volumetric strains describe the change in size of a unit of sediment, whereas,

shear strain describes the change in shape (Atkinson 1993).

The deformation of a sediment, or rock, is strongly influenced and often controlled,
by the state of stress and its stress history (Jamison 1992). In order to understand
processes of deformation, geologists need to be able to describe stress states and
stress histories found in sediments and rocks. There are several different graphical
formats which can be used for stress analysis, each with its advantages and
limitations: o space, Mohr space, s-t space and p-q space are all described here,

although this list is by no means exhaustive.

2.3.1 o space

In a unit cube of sediment, which is in equilibrium, there are six independent
stresses acting, three shear stresses and three normal stresses. If the cube is
rotated so that the faces become principal planes, then the shear stresses are
eliminated and the normal stresses are the principal stresses: o;, o, and o,
(Atkinson and Bransby 1978). Thus, we can define a total stress space with
principal stress axes o,, o, and o, with an instantaneous state of total stress
being plotted as a point in this stress space (Fig. 2.4). A total stress path for the
sediment could be described by joining all points of instantaneous states of total
stress. In addition, we could define effective stress space with axes o,’,0," and o5’

and plot an effective stress path.

2.3.2 Mohr space and s-t space

The Mohr diagram is a graphical display commonly used by geologists for describing
stress states. For stress analysis, Mohr space is a two-dimensional space with
normal stress (o) and shear stress (7) as the abscissa and ordinate respectively
(Fig. 2.5). A general state of stress is represented by three (semi-)circles, connected
along the normal stress (o) axis at the values of the principal stress magnitudes
(Fig. 2.5). However, this can be a cumbersome way to describe the stress state of a
sediment. Particularly, if a series of circles is needed to show the changing stress

state, or stress path, of the sediment.
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Fig. 2.4: Stress (o) space, defined by co-ordinates o,, 0, and c,, showing an instantaneous state of total
stress.

» A

Fig. 2.5: Graphical illustration showing a general state of stress in Mohr space. Normal stress (o) is
plotted along the x-axis with shear stress (1) being plotted on the y-axis.
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If only a twodimensional stress state is considered, then the diagram can be
simplified: In terms of total stresses, the position and size of each Mohr circle can
be described uniquely by the co-ordinates (s, 1) of its apex M (Fig. 2.6). Where tis
the radius of the Mohr circle, and is equivalent to the maximum shear stress
maghnitude, and s is the distance from the centre of the circle to the origin, and is

equivalent to the mean stress magnitude (Atkinson and Bransby 1978):-

s=1(o, +0,) (2.10)
t (2.11)

Thus, changes in the stress state observed during deformation can be represented
by plotting the path of M in twodimensional s and t stress space. Similarly,

changes in effective stress state can be described by plotting M’ in st’ space,

where:-
s’ = 1(o} +0}) (2.12)
t'=4%(c}; - o4) (2.13)

Where, o] is the greatest principal effective stress and o is the least principal
effective stress. It should be noted that parameters s and t only describe two-
dimensional stress space, as the value of the intermediate state of stress is
ignored. However, if the intermediate stress state is unknown, such as in plane
strain experiments (Atkinson and Bransby 1978, Bolton 1991), then s-t stress

space is a useful tool for describing the stress history of the sediment.
2.3.3 pq stress space

If the three principal stresses (o,, o, and ;) are all known, then a three-dimensional
stress state can be described in two-dimensional space using parameters p and q
(Atkinson and Bransby 1978, Farmer 1983, Bolton 1991). Where, q is the

deviatoric stress and p is the mean stress, such that, in terms of total stresses:-

p= %(01 +0, + 03) (2.14)

i

0= &[(en -0 +(0s~0o) +(os 0] 215)
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Fig. 2.6: Graphs showing an instantaneous state of stress in (a) Mohr space and (b) s-t space.

> Q

Deviatoric stress (MPa)
( J

» P

Mean Stress (MPa)

Fig. 2.7: Graphical illustration of p-q space. The diagram shows that a series of instantaneous states of
stress will trace a stress path in p-q space.
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The corresponding effective stress parameters are:-

p' =1(o} + 0} +04) (2.16)
q = —J%[(o; - 05)2 +(o5 - 0'3)2 + (0’3 - 0'1)2]5 (2.17)
Where, p'=p—-u (2.18)

qa=q (2.19)

The reader should refer to texts such as Atkinson and Bransby (1978) or Schofield
and Wroth (1968) for the derivation of these invariants. A particular state of stress
will plot as a point in p-q space (Fig. 2.7). However, from these relationships
(Equations 2.13 and 2.14), it can be seen that a point in p-q space represents a
family of possible stress states, rather than a unique set of principal stress values.

This is also true of p'-q’ space.

Parameters p and q (and p’ and q°) can be termed stress invariants because, for a
given state of stress, their magnitude is independent of the orientation of the
reference axis (Atkinson and Bransby 1978, Bolton 1991). This invariance is also
true of parameters s and t although, strictly speaking, the term ‘stress invariant’ is
only used for parameters that describe general states of stress. This does not apply

to s-t space where the intermediate principal stress is ignored.

p’-qQ’ stress space is the display choice used in this thesis because it allows a
three-dimensional stress analysis to be presented in two-dimensional space. As
experiments presented in this thesis are triaxial, i.e. ¢, >0, =04, then the

parameters p’ and q’ can be simplified to give:-

p' =1(o} +20}) (2.20)

q'=c, -c} (2.21)

And for total stresses:-

p=1%(c, +20,) (2.22)
(2.23)
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It should be noted that for the special case where ¢, > G, = 05 the deviatoric
stress is equivalent to the differential stress (Equation 2.23), a parameter

commonly used in rock mechanics.

2.4 Deformation Paths

During deformation, a sediment will experience some combination of volumetric and
distortional deformation, which will depend on the character of the stress system.
Normal stresses are associated with a reduction in volume when the deformation is
compressive. A volume change without a shape change will only occur when the
principal effective stresses are equal and change by an equal amount. In soil
mechanics literature, this is termed isotropic compression (Atkinson and Bransby
1978, Lambe and Whitman 1979) and occurs in the absence of shear stresses: a
condition which would rarely be found in nature. Conversely, shear stresses are
associated with changes in shape or distortional strains. This is termed shear

deformation.

Isotropic compression and shear deformation represent end members of a wide
spectrum of strain states that can exist in a sediment. During deformation, a
sediment will usually experience some combination of volumetric and distortional
strain which will depend on the character of the stress system. The diversity of
natural stress systems means that in nature any strain state may exist (Jones
1994).

For compressive systems, a general term for deformation which contains some
component of shear and some component of compression is anisotropic
compression (Atkinson and Bransby 1978, Lambe and Whitman 1979). For this
strain state, the principal effective stresses are unequal, thus, components of both
shear and normal stresses are mobilised. A deformation path which is frequently
found in nature and is an example of anisotropic compression is that of uniaxial K,
compression. This represents a one-dimensional vertical compression of the
sediment with zero lateral deformation and is the equivalent deformation path of a

sediment undergoing burial in a passive basin.
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2.4.1 Compression

Compression is the volume reduction or compressive volume strain that occurs in a
sediment when subjected to loading. When a saturated sediment is subject to an
increment of vertical stress due to further burial, the strain that occurs is time-
dependent. This time-dependency results from two phenomena: Primary
compression with hydrodynamic time lag and secondary compression (Lambe and
Whitman 1979, Head 1994). Primary compression is the strain that accumulates
while excess pore pressures dissipate, whereas, secondary compression is the siow
continued compression that continues after the dissipation of excess pore
pressures (Taylor 1942, Atkinson and Bransby 1978, Lambe and Whitman 1979).
The relationship of these two phases of compression is illustrated graphically in

Figure 2.8.

2.4.1.1 Primary Compression

Primary compression is the compaction achieved by the process of consolidation
i.e. pore volume reduction by the expulsion of pore fluids (see 2.2.2). The time
taken for this process to reach a pore volume equilibrium with the applied load is
called hydrodynamic time lag (Lambe and Whitman 1979). This time lag is directly
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pressure
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— T
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Fig. 2.8: Graphical illustration of primary and secondary compression (after Lambe and Whitman 1979).
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proportional to the volume of fluid which must be expelled which is in turn related to
the product of the stress change, the compressibility of the mineral skeleton, and
the volume of the sediment. The time lag is also inversely proportional to how fast
the fluid can flow through the soil (Lambe and Whitman 1979).

Sediments with a significant clay content and a low permeability will require a long
time for primary compression to be complete. Even with shallow sediments this can
be of the order of hundreds of years. With highly permeable sediments the
hydrodynamic time lag is considerably less as fluids can readily escape, and is of
the order of a few seconds to a few minutes (Lambe and Whitman 1979). Thus, in
sands and other coarse grained materials, if the rate of loading is such that excess
pore pressure does not arise, then primary compression can be considered as a

time-independent process.

2.4.1.2 Secondary Compression or creep

Secondary compression is the accumulation of additional volume strain even after
the sediment is fully consolidated to the applied stresses (Atkinson and Bransby
1978, Lambe and Whitman 1979, de Waal 1986, Rhett 1990, Andersen et al.
1992). This phenomenon can also be described as aggregate compaction creep
(Spiers et al. 1989, 1990), and is always time-dependent. Secondary compression
or creep is thought to occur both during and after primary compression i.e. the two

phases of compression overlap (Fig. 2.8).

At shallow levels, primary compression and consolidation are important and well
understood phenomena. Creep is also widely recognised at these shallow depths,
pertinent to civil engineers. In sands at these levels the effect is limited and the
duration short (Lambe and Whitman 1979). For example, Figure 2.9 shows that in a
sand at low stresses (of the order of a few kPa), secondary compression is
completed so rapidly that it is of little significance. However, at increased
stresses there is considerably more secondary compression because of particle
fracturing (Fig. 2.10). Conversely, in highly plastic soils, such as clays, creep
deformation can be significant and its duration can be considerable (e.g. Bishop and
Lovenbury 1969).
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At depths concerning geologists, the compression of unlithified sediments has not
been as extensively studied as it has at shallow depths. Although natural sediments
experience consolidation as they are buried, compression may be complicated by
diagenetic processes such as: chemical interactions between the grains; long-term
creep effects which may contribute appreciable volume strains over geological

periods of time; and other sources of pore fluid pressure (see Yassir 1989).

The mechanisms responsible for such creep deformation are uncertain and diverse,
but are thought to be due to continued movement of particles as the sediment
adjusts itself to the increased effective stress (Groshong 1988, Head 1994,
Brzesowsky 1995). Other mechanisms which could also be operative are thought to
be grain surface diffusion, pressure solution, time-dependent crack propagation
associated with a redistribution of strain energy, and diffusion in microfractures
associated with stress corrosion weakening of fracture tips (Groshong 1988, Knipe
1989, Jones 1994, Brzesowsky 1995). These mechanisms are described in more
detail in Chapter 3. The initiation of any of these mechanisms is dependent on
lithological and environmental factors, such as burial depth, temperature, grain size
and pore fluid type. Previous experimental studies of creep deformation which have

investigated these factors, are given in Chapter 7.

In sediments and other materials, it is well established that, creep deformation
occurs in sequential primary, secondary (or steady-state) and tertiary periods, during
which the deformation rate decreases, remains constant, and increases with time.
However, unlike like most other materials, sediments rarely exhibit an extended
period of steady-state creep. Instead, the strain rate either decreases continuously
(primary creep), or eventually increases at the onset of failure, a condition termed
creep rupture (Kuhn and Mitchell 1993). Feda (1989) suggests that steady-state
creep is a balance of the strain hardening which characterises primary creep and

the strain softening which characterises tertiary creep.

2.4.2 Shear deformation

There are several forms of sediment deformation in nature that occur with little or
no volume change. These include the development of structures such as diapirs,

landslides, sediment slumps and some fault systems (Jones 1994). These changes
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which occur in the shape of a sediment body are due to the mobilisation of shear
stress and strain. In nature, almost all forms of sediment deformation will involve

some amount of shear.

The magnitude of the shear stress which is sustained by a sediment is proportional
to the difference between the greatest and least principal stresses (Atkinson and
Bransby 1978, Lambe and Whitman 1979, Jones 1994). It is referred to, by various
authors, as the deviatoric stress (see Section 2.4.3). As shown in Figure 2.5, the
maximum shear stress is equal to the radius of the Mohr Circle. The shear stress
will only be zero in a sediment which is isotropically stressed (i.e. 6, = 6, = 0;).

This is a condition which would rarely be found in nature.

2.4.2.1 Factors affecting shear deformation

As the mineral particles which comprise a sediment are deposited they increasingly
interfere with each other (Martinez and Plana 1987, Tan et al. 1990). As they are
brought closer together, electrostatic bonds can be created between them,
imparting a physical cohesion (Wetzel 1990). In addition, movement between
adjacent grains is subjected to intergranular friction. The initiation of this cohesion

and/or intergranular friction imparts a shear resistance to the sediment.

The relationship of shear stress to cohesion and friction can be shown by the Mohr-

Coulomb equation:-

t=oytand +c¢ (2.24)

Where, 1 is the shear stress, o) is the normal stress, c is the cohesion and ¢ is

the angle of internal friction.

Cohesion and the angle of internal friction are not fundamental properties of a
particular sediment but depend on other factors of which moisture content and
porosity are the most significant (Bolton 1991, Head 1994). The latter is a
consequence of the density of the intergranular packing arrangement. Loosely
packed sediments will tend towards a more dense packing configuration when the

material is sheared, whereas, densely packed sediments will tend to dilate (Fig.
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Dense sand Loose sand

Fig. 2.11: Schematic diagram showing the effect of shear on grain structure in dense and loose sands.
If the dense sand is sheared along plane X-X, grains lying just above the surface X-X will be forced to ride
up and over those lying just below, when relative movement occurs. Hence, the sediment will dilate in
volume. Conversely, if the loose sand is sheared along plane Y-Y, the grains will move into pore spaces
and the sediment will contract in volume (after Head 1994).

2.11). This dilation is a result of the grains moving apart in an attempt to slide past
one another during applied shear (Atkinson and Bransby 1978, Bolton 1991,
Kageson-Loe 1993, Head 1994).

As discussed in Section 2.2.1, the normal stress magnitude is affected by the
maghnitude of the pore fluid pressure, in a sediment. Conversely, the magnitude of
the shear stress is independent of the magnitude of the pore fluid pressure. This is
illustrated in Figure 2.12, where the difference between the effective principal
stresses results in the same magnitude of shear stress as for the total principal
stresses. This means that the effective deviatoric stress is equal to the deviatoric

stress.
2.4.3 Uniaxial K, compression

Uniaxial K, compression is one special case of the many anisotropic compression
paths that can exist between isotropic compression and shear deformation. It is a
strictly one-dimensional compression and is widely considered to simulate the path
a sediment would follow whilst undergoing burial in the presence of simple

gravitational loading in a tectonically quiescent sedimentary basin.
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Fig. 2.12: Mohr diagram showing that the magnitude of the shear stress is independent of the pore fluid
pressure.

The term K, was first introduced by Brooker and Ireland (1965) and is the
‘coefficient of earth pressure at rest’, a condition in which there is no lateral strain
in the ground. It is defined as the ratio of the horizontal to vertical effective principal
stresses which gives the condition of zero lateral strain. The magnitude of K,
depends on the sediment type; finely grained sediments give larger values of K,
than coarse grained sediments. For clays the value may be 0.7 or more, whereas,
for sands it is commonly 0.3-0.4. This variation in grain size, and to some extent
grain shape, leads to an obvious association between K, and the internal angle of
friction of the sediment (Jones 1994). Typically, for uncemented normally

consolidated sediments, the K, ratio is found to vary according to:-
K, =1-sin¢’ (2.25)

Where, ¢’ is the effective friction angle. Previous stress history is also influential as
K, tends to be greater in overconsolidated sediments than in normally consolidated

sediments.

As the K, stress path is a compression path with a component of shear, strains will
still be accumulated by both primary compression and secondary compression. The
major fabrics which result depend strongly on the rock type. In sands, silts and
carbonates with fairly equant grains, compaction is simply accompanied by pore-
volume reduction, whereas in clays, which are composed of platy minerals, a planar

bedding-parallel fabric may develop (Petley et al. 1992). The dominant mechanisms
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by which straining is achieved is by consolidation (pore-fluid expulsion) and grain

rearrangement with grain boundary sliding (Jones 1994).

2.5 Shear strength of sediments

The maximum shear stress that a sediment can sustain before failure is called its
shear strength (Maltman 1994, Jones 1994, Atkinson and Bransby 1978, Lambe
and Whitman 1979). Failure can occur in a distributed manner throughout the whole

sediment body, or within narrow zones referred to as failure planes.

The shear strength is not a unique property of a sediment but depends on many
factors. These include: mineralogy of the grains; particle shape; particle size
distribution; porosity and water content. If measured in a laboratory test, other
factors include: previous stress history; existing insitu stresses; stress changes
imposed during sampling; method of test; rate at which loading is applied; whether
or not drainage is allowed during testing (Head 1986). Several of these factors are
demonstrated in Chapter 3, which reviews recent studies on sediment deformation,

and are further demonstrated with data gathered for this study (Chapter 6).
2.5.1 Peak, critical and residual states

The current ‘state’ of a sediment can be indicated by its current stresses, water
content, arrangement of the grains and the stress history. These factors will all be
expressed in the relative strength and stiffness of the sediment (Atkinson 1993).
There are a number of different stress states at which the shear strength of a
sediment is commonly determined. These are the peak, the critical and the residual
stress states, as shown in Figure 2.13. The peak stress state will normally be
reached at strains of the order of 1% while the critical state will only be reached at
strains of 10% or greater (Atkinson 1993). The peak stress is the largest shear
stress that is sustained by the sediment. However, it is not always achieved, as will
be discussed below (see Section 2.5.3). The critical state is a condition at which
the sediment continues to distort without any change of stress state (shear or
normal) or volume. The strains associated with this critical state are a result of

‘turbulent flow’ i.e. relative movement and rotation of grains. During shearing, all
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Fig. 2.13: Idealised failure criteria for sediments showing the peak, critical and residual stress/pore
volume states (AV = volume change; Au = pore fluid pressure change). (After Head 1994).

sediments will ultimately reach their critical state, and this critical state is
independent of the initial state (i.e. initial stress state, stress history, water content

and pore volume conditions) of the sediment.

Coarse-grained sediments and sediments with rounded grains will continue to
distort by turbulent flow and for them the critical state is the ultimate state which
can be achieved. However, for fine-grained sediments, such as clays, the critical
state is not the ultimate state that the sediment can reach. Clays can continue to
distort, under constant normal stress, beyond the critical state condition to a
residual state (Fig. 2.13), with the shear stress decreasing until a constant value is
reached at the residual stress. This residual state is a result of strains becoming
localised into distinct zones of intense shearing with the turbulent flow of grains
giving way to laminar flow of the platy minerals which have become preferentially

orientated parallel to the failure zone (Atkinson 1993, Petley 1995).
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2.5.2 Failure criteria

The shear strength of a sediment can be determined by a series of laboratory
experiments, each conducted on samples consolidated to different consolidation
stresses (or effective confining pressures), following which the deviatoric stress is
increased until failure occurs. Failure criteria, used to predict the onset of plastic
yield or brittle failure, are somewhat dictated by the preferred stress space used for
analysis (Jamison 1992). In Mohr space, the Coulomb Failure Criterion describes
the Mohr-Coulomb Failure Envelope whereas, in p-q space this is represented by the

‘critical state line’.

In Mohr space, a family of semi<circles can be drawn representing the different
stress states at failure. A failure envelope can be defined which is tangential to this
family of semi-circles and is called the Mohr Coulomb Failure Envelope (Fig. 2.14a).
The sediment cannot sustain stress states outside this failure envelope. The
equation of the Mohr-Coulomb Failure Envelope (the Mohr-Coulomb Equation) gives

the shear strength of the sediment and is ‘Coulomb’s criteria for sliding’:-
Ty = Oy, tan¢ + ¢ (2.26)

Where, T; is the shear stress sustained at the point of maximum resistance, Oy, is
the stress normal to the plane of failure, ¢ is the cohesion and ¢ is the angle of
internal friction. For an ideal homogeneous and cohesionless soil the failure line
would pass through the origin (Fig. 2.14b) and the shear strength of the sediment

would be given by:-
T, = Oy, tan¢ (2.27)

In p-q’ space, this failure line is termed the critical state line and the shear

strength of the sediment is defined by:-

q’' = Mp' (2.28)

Where, M is the gradient of the failure line. The critical state line is the line on

which all stress paths from triaxial compression terminate, both drained and
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Fig.2.14: Mohr diagrams showing Mohr-Coulomb failure envelopes for (a) sediments with cohesion ¢ and
(b) cohesionless sediment. (¢ = angle of internal friction)

undrained (Fig. 2.15). At critical state, the sediment continues to strain without any
change of shear stress or normal stress or volume change i.e. it distorts at a
constant state (Atkinson and Bransby 1978, Atkinson 1993).

2.5.3 Effect of initial state on shear strength

There are fundamental differences in the behaviour of sediments when they are
sheared from different initial states although, ultimately, all will reach a critical
state. The initial state of a sediment is a combination of its initial stress state,
stress history, grain packing configuration, water content and pore volume

conditions. In sands, it is the difference in initial packing configurations that affects
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the shear behaviour and this can be seen in the stress response observed during
deformation (Fig. 2.16). Densely packed sediments attain a peak strength prior to a
decline to a residual stress state, and the material is said to strain soften (Atkinson
and Bransby 1978, Farmer 1983, Bolton 1991). In contrast, loosely packed
sediments do not exhibit a peak strength and considerable strain may be needed in
order for the material to achieve a critical or ultimate stress state. This behaviour is
referred to as strain hardening (Atkinson and Bransby 1978, Farmer 1983, Bolton
1991) and is a result of compaction of the grains, whereas, strain softening

behaviour occurs due to dilatant behaviour of the sediment grains.

In clays, differences in shear behaviour are observed between those samples which
are initially normally consolidated or lightly overconsolidated, and those which are
initially moderately or heavily overconsolidated (Fig. 2.17). For initially moderately or
heavily overconsolidated samples, the deviator stress reaches a maximum (peak
state), then the sample continues to dilate until the end of the test. This is the
critical state, at which large shear strains can occur with no change in stress or
volume. A true residual state may not be reached by the end of a test, in fact
overconsolidated samples often do not reach a well defined residual state.
Conversely, a peak stress is not reached with normally or lightly overconsolidated

clays.

>Q

e Drained triaxial loading

. \ Isotropic normal
Undrained i consolidation
triaxial loading \

> p'

Fig. 2.15: Graph showing the critical state line in p'-q’ space. All stress paths, both drained and
undrained will eventually terminate on this line.
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Fig. 2.16: Shear characteristics of dense and loose isotropically consolidated sands from drained triaxial
tests: (a) stress/strain plot; (b) volume change/strain plot (after Head 1986).
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Fig. 2.17: Shear characteristics of clays in drained triaxial tests: (a) stress/strain plot; (b) volume
change/strain plot (after Head 1986).



Thus, clays that are initially normally consolidated or lightly overconsolidated
behave, in shear deformation, in a similar way to loosely packed sands. In addition,
clays that are moderately or heavily overconsolidated behave in a similar way to
densely packed sands. Coop (1990) noted that as freshly deposited dense sands
behave as ‘overconsolidated’ they need to be distinguished from sands which are
truly overconsolidated. Coop (1990) introduced the term ¥Yirgin compression’ which
refers to the state of a sample which is currently under the maximum stress it has
experienced. Hence, the feature which distinguishes freshly deposited samples from
truly overconsolidated ones is that freshly deposited samples have only undergone
virgin compression. This can be referred to as virgin overconsolidation (Coop 1990).
Since there is a unique critical state line for any sand, the type of overconsolidation
will only affect the shape of the stress path, not the ultimate state of the soil. At
low stresses it is not possible for the particle packing to be loose enough for the
sand to lie on the normal compression line. Consequently, sands are often
deposited in this virgin overconsolidated state. It is only with deep burial that the
soil state can reach the normal compression line (1990). This is the principal

difference in the behaviour of sands and clays.

In fully saturated sediments, the initial states relate to the moisture content of the
sediment, and all sediments can be described as being wet or dry of the critical
state (Atkinson and Bransby 1978, Atkinson 1993). If a sediment is ‘dry of critical’
it has a lower moisture content than that of the sediment at critical state, at the
same value of mean stress. Heavily overconsolidated clays, overconsolidated sands
and virgin overconsolidated sands (freshly deposited dense sands) behave as ‘dry
of critical’ (Atkinson and Bransby 1978, Atkinson 1993). If a sediment is ‘wet of
critical’ it has a higher moisture content than that of the sediment on the critical
state line at the same value of p’. Normally and slightly over-consolidated clays and
loose sands behave as ‘wet of critical’ during shear (Atkinson and Bransby 1978,
Atkinson 1993).

These fundamental differences in shear behaviour are related to the closeness of
the packing of the grains and the moisture content found in different sediments.
Hence, the initial state of a sediment can be described by its specific volume and

mean effective stress. Where, specific volume v , is given by:-
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v =WV, (2.29)

Where, V is the bulk volume of the sample and V; is the volume of the mineral
grains. For coarse grained sediments, where surface forces are negligible, the
grains pack together like spheres. The maximum specific volume of a loose
assembly of uniform-sized spheres is 1.92 and the minimum specific volume of a
dense assembly is 1.35 (Atkinson 1993). Clays can have specific volumes as high

as 10 or as low as 1.2.

It should be noted that, there is a contrast in the behaviour of initially ‘dry of critical’
samples, which expand (and soften) during shear, and that of initially ‘wet of critical’
samples, which compress (and harden) during shear. The expansion of ‘dry of
critical’ samples during drained tests is associated with the generation of negative
pore pressure during undrained tests. In addition, for ‘wet of critical’ specimens,
compression during drained tests can be associated with positive pore pressure
during undrained tests. Each phenomenon is a consequence of the combination of
the geometry of the state boundary surface, the initial state of the specimens, and
the applied total stress path (Atkinson and Bransby 1978, Atkinson 1993).

2.5.4 The Critical State Model

The Critical State Model was introduced in the 1960’s, primarily by Schofield and
Wroth (1968), and is widely used in soil mechanics. It is essentially a framework of
state boundaries unifying the compression and shear behaviour of sediments into a
model which can be used to predict stress and strain behaviour (Fig. 2.18). The
model defines two lines and two surfaces which describe state boundaries in
deviatoric stress/mean effective stress/specific volume (q-p*-v) space. These
state boundaries define a volume in which all the stress states, that the sediment

can achieve, will exist. The four state boundaries are:-

The Normal Consolidation Line: The stress path followed by all normally

consolidated sediments under isotropic compression. Deviatoric stress is zero

(as 0, = 0, = 03) and therefore, the stress path will lie in the @’ = O plane.
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Fig. 2.18: The Critical State Model of Schofield and Wroth (1968), showing the geometries of the state
boundary surfaces in mean effective stress p’/deviatoric stress q'/specific volume v space.

The Critical State Line: The state line on which all stress paths terminate,

both drained and undrained. Failure will manifest itself as a state at which
large shear distortions occur with no change in stress or specific volume. The
initial state of the sample and the test conditions completely determine the

precise point on the critical state line at which failure will occur.

The Roscoe Surface: For isotropically compressed samples which are ‘wet of

critical’, the resulting stress paths define a curved three-dimensional surface
linking the normal consolidation line to the critical state line (Fig. 2.18).
Failure of these samples will occur once the stress states reach the critical
state line, irrespective of the test path followed on their way to reach the
critical state line. For lightly overconsolidated clay samples: the starting point
for each sample is slightly below the Roscoe surface. However, the samples

also fail on the critical state line. Under drained conditions, the test paths
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would rise almost vertically towards the Roscoe surface then move closely
along it towards the critical state line (Figs. 2.15 and 2.18). Therefore, the
Roscoe surface forms a boundary beyond which deformation does not go and

is a state boundary surface.

The Hvorslev Surface: This is a state boundary surface for samples which are

initially ‘dry of critical’ in the same way that the Roscoe surface is for initially
‘Wwet of critical’ samples. The Roscoe and Hvorslev state boundary surfaces
intersect at the critical state line (Fig. 2.18). The critical state line forms a
ridge separating the Roscoe and Hvorslev surfaces (see Fig. 2.19), and its
height and gradient increase as the mean normal effective pressure
increases. The Hvorslev Surface is limited by the critical state line at one end
and the ‘tension cut-off’ at the other (Fig. 2.19). The tension cut-off is the line

on which tensile failure of the sample would occur.

It is important to note that for sediments, plastic (irrecoverable) strains only occur
when the sample is traversing the state boundary surface (Atkinson and Bransby
1978, Atkinson 1993). Therefore, all stress paths below this surface are purely

elastic and recoverable. Deformation on the state boundary surface can be both

q
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Critical state line
Hvorslev
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Roscoe surface
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Fig. 2.19: Expected undrained test paths for samples sheared from different consolidation ratios. The
stress paths for ‘dry of critical’ samples trace the Hvorslev surface, whereas, the stress paths for ‘wet
of critical’ samples trace the Roscoe surface (after Atkinson and Bransby 1978).
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Fig. 2.20: One-dimensional compression of kaolin clay in specific volume/vertical effective stress space
(after Atkinson and Bransby 1978). The path ABC shows the normal consolidation path. However, at B
the sample is unloaded to D and then reloaded again, resuiting in elastic deformation.

elastic and plastic. The importance of the distinction between elastic and plastic
strains in sediments is that elastic strains are relatively small, whilst plastic strains

are relatively large (Atkinson and Bransby 1978).

Elastic deformation also occurs when a sediment is unloaded and then reloaded. An
example of this is illustrated in Figure 2.20, which shows the normal consolidation
path of a sediment from A to B. As the normal consolidation line is part of the
Roscoe state boundary surface, the deformation can be both elastic and plastic.
However, if at point B the sample is unloaded to point D, then the sample ‘swells’
and the elastic strain will be mostly recovered. The sample will now be in an
overconsolidated state compared with its normally consolidated state at point B. If
loading is reapplied the sample is elastically strained and returns to its original
normally consolidated state at B, where deformation would continue along the
normal consolidation line to C. Hence, the line BD is termed a ‘swelling line’ and is
positioned beneath the state boundary surface. Deformation of a sample along line
BD will always be purely elastic until it again reaches the state boundary surface at

B.
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2.5.4.1 Uniaxial K, Compression and the Critical State Model

The phenomena;. of shear and compression are inextricably linked. Even isotropic
compression can be considered as a special shear process for which q'/p’ is
constant and zero. One-dimensional compression, or uniaxial K, compression, can
be considered as a special shear process in which there is a constant ratio between
shear and volumetric strains, and in which q’/p’ is constant but non-zero (Atkinson
and Bransby 1978). Clearly, there are other types of compression or shear for which
q’/p’ is constant and for each of these there is a stress path on the Roscoe
surface which lies between the projections of the isotropic normal consolidation line
and the critical state line. Figure 2.21 shows the projection of the uniaxial K,

compression line in p’q’ space and in v-p’ space.
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Fig. 2.21: Plots showing the projections of the critical state line, the uniaxial K, compression line and
the isotropic/normal consolidation line in (a) mean effective stress/deviatoric stress (p'-q’) space and
(b) mean effective stress/specific volume (p'- v) space (after Atkinson 1993).
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2.6 Summary

In contrast with sedimentary rocks, particulate sediments only sustain a limited
amount of elastic deformation with most of the strain that is accumulated being
irrecoverable. This fundamental and characteristic difference in behaviour is due to
the nature of the intergranular contacts, with the frictional contacts between grains
in sediments being far weaker than the intergranular bond strengths of sedimentary

rocks.

Deformation in sediments is accommodated by a combination of shear and normal
strains, depending on the nature of the stress system. Isotropic compression is one
end member of a spectrum of strain states that can exist in a sediment. All
principal stresses will be equal and compression occurs with no shear stress
component, resulting in a change in volume of the sediment with no change in
shape. At the other end of the spectrum, pure shear is a distortional strain state

with no volume change occurring in the sediment.

Most deformation paths in nature involve components of both shear and normal
stress. Strain is commonly accumulated by anisotropic compression, a state in
which the principal stresses are unequal. An anisotropic compression path which is
common in nature is that of sediment burial in a tectonically quiescent basin. This
is known as uniaxial K, compression, where strain is one-dimensional and occurs in

the vertical direction only.

Compression in a sediment can be divided into two phases: Primary and secondary
compression. Primary compression results from pore volume reduction as a
corisequence of dissipation of excess pore pressure, known as consolidation.
Secondary compression is the accumulation of additional strain even after the
sediment is fully consolidated to the applied load. This is also known as creep and
is a time-dependent process. At upper crustal levels, the mechanisms by which
secondary compression occurs are uncertain but are thought to include: (i) grain
rearrangement as the sediment adjusts to the increased effective stress (Head
1994); (ii) grain-scale fracture and intergranular frictional sliding (Groshong 1988,
Knipe 1989). In addition, the mechanisms of secondary compression are thought to

occur both during and after primary compression, i.e. the two phases of
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compression overlap.

Shear deformation in a sediment results in all sediments ultimately reaching a
critical state at which they continue to distort at constant volume and stress state.
The stress path by which sediments reach this critical state is crucially dependent
on the initial state of the sediment. Fundamental differences in shear behaviour can
be seen with initial differences in grain packing and moisture content, categorised
as ‘wet’ and ‘dry’ of the critical state. Sediments that are ‘wet of critical’ compress
and harden during shear. Loosely packed sands and normally or lightly
overconsolidated clays can be described as such. Conversely, sediments that are
dry of critical’, expand and soften during shear. Heavily and moderately

overconsolidated clays and densely packed sands behave in this latter manner.
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Chapter 3

Mechanisms and controls
of sediment deformation

3.1 Introduction

Understanding the deformation processes and mechanisms which operate at
shallow upper crustal depths, is of direct importance to the mineral and hydrocarbon
extraction industries and the construction industry. The previous chapter introduced
the concepts of effective stress and consolidation and described processes of
sediment deformation. This chapter describes the deformation mechanisms by
which these processes are known to manifest themselves. The response of a
sediment body to deformation is a function of a large number of environmental and
lithological factors. An overview is given here of the current understanding of these
controlling factors and their influence on deformation. The deformation mechanisms
described are those operative under the conditions of stress and temperature
pertinent to sediment bodies which are found in the top few kilometres of the

Earth's crust.

3.2 Mechanisms of sediment deformation

There have been numerous studies which have both mathematically modelled (e.g.
Audet and McConnell 1992, Mehta 1994) and experimentally investigated (e.g.
Vesic and Clough 1968, Lambe and Whitman 1979, Spiers et al. 1990, Schutjens
1991, Brzesowsky 1995) the mechanics controlling the deformation of a particulate

body. Consequently, it has become well established in the fields of material
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science, soil mechanics and rock mechanics that isotropic or anisotropic
compactional loading of an aggregate will result in deformation through a range of
basic mechanisms (e.g. Lambe and Whitman 1979, Groshong 1988, Knipe 1989,
Loyd and Knipe 1992, Wong 1990, Brzesowsky 1995). Compaction will initially
occur by intergranular mechanisms and then progress to a combination of
intergranular and intragranular mechanisms. These deformation mechanism
associations, expressed by the partitioning of the total strain into different
mechanisms, are related to the lithology of the deforming material and the

environment of deformation (Groshong 1988).

3.2.1 Intergranular mechanisms

Sediments differ from lithified rocks in that there is no intergranular cement. Thus,
intergranular deformation is initiated when individual grains overcome friction and

begin to move past one another.

3.2.1.1 Frictional grain boundary sliding without fracture

When a particulate sediment is subject to an applied force, the individual grains
compact by rearranging themselves by rolling or sliding until the aggregate 'locks up’
in a meta-stable equilibrium (Wong 1990, Behringer and Baxter 1994, Adams and
Briscoe 1994, Powell and Lovell 1994). These mechanisms can be termed
"frictional grain boundary sliding’ (Knipe 1989). The grains behave as rigid bodies
and sliding begins once cohesion and friction between the grains is overcome.
These initial mechanisms, constituting grain rearrangement, lead to the
development of load supporting grain networks or chains with the stress-conducting
grains being surrounded by unstressed 'free’ grains. A heterogeneous stress regime
is created with a characteristic non-uniform strain distribution (Behringer and Baxter
1994, Adams and Bristow 1994).

In both naturally and experimentally deformed sediments, the microstructural
recognition of frictional grain boundary sliding is difficult. This is because the
particle shapes, sizes and internal structures may all be unaffected by the
deformation (Knipe 1989).
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3.2.1.2 Deformation at a meta-stable packing equilibrium

Elastic deformation can occur once the aggregate has ’'locked’ in a meta-stable
packing equilibrium with the distortion of grain contacts due to normal loading.
Conversely, tangentially loaded grains undergo localised frictional sliding but the

physical integrity of these particles is maintained (for overview see Mehta 1994).

Beyond the elastic limit, the stressed initial grain networks or chains are irreversibly
broken but new networks are formed with new grains becoming stressed as

compaction progresses (Behringer and Baxter 1994, Adams and Bristow 1994).
3.2.2 Intragranular mechanisms

Once the elastic limit of the grains is reached, further compaction can only occur by
brittle or internal deformation of the particles and/or grain contacts (Knipe 1989,
Powell and Lovell 1994). Once this occurs, the aggregate is then able to compact
beyond its meta-stable packing configuration by accommodating further rolling or
sliding into the space made available. When the individual grains are imperfect (i.e.
they are real materials and not idealised perfect spheres), a meta-stable packing
equilibrium will only be reached with the deformation of the locking contact
asperities (Lambe and Whitman 1979, Behringer and Baxter 1994, Adams and
Briscoe 1994). At low temperatures (< 1/3 absolute mineral melting temperature)
and stresses, characteristic of upper crustal conditions, grain or asperity crushing
will occur if stress concentrations at grain contacts exceed the local material
strength (Zhang et al. 1990). Grains or grain asperities may deform by
intracrystalline plasticity or diffusive processes (Groshong 1988, Knipe 1989,
Spiers and Brzesowsky 1993) or by several different fracture mechanisms
(Groshong 1988, Knipe 1989, Lloyd and Knipe 1992).

3.2.2.1 Fracture processes
Previous experimental studies, at near surface conditions, have shown grain
fracturing to be the dominant feature resulting from the compaction of sediments

(Borg et al. 1960, Friedman 1964, Brzesowsky 1995). The fractures usually

propagate between grain to grain contacts and show a wide range of orientations
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within a single sample. The nature of the fractures is thought to be extensile
(Gallagher et al. 1974, Kranz 1983) with the fracture forming perpendicular to the
least principal stress locally. Tensile stresses may occur in a compressive
environment as a result of these stress concentrations, or by the increase of pore

fluid pressure to produce a tensile effective stress (Groshong 1988).

In fracture studies of singular grains, Gallagher (1976, 1987) found sand grains to
exhibit crushing near contact points and fracture surfaces which possessed
hourglass like cross-sectioned shapes, forming lenses or columns parallel to the
loading axis. Similarly, Shipway and Hutchings (1993) observed that glass and
sapphire spheres fractured mainly into two hemispherical fragments commonly with
coherent cones below the contact points. The samples also showed flattened

contact areas (Fig. 3.1).

There are several mechanisms which can lead to fracture propagation. These

mechanisms are dependent on environmental and lithological conditions. At low

cone crack ring crack cone crack ring crack
Suve:?en't' convergent
Spalling cone crack

cone crack

plastically deformed

contact region
cone crack ring crack ring crack \ / coherent cone
]
radial “lateral" crack
crack
meridional meridional crack

crack

Fig. 3.1: Nomenclature and configuration of the cracks typically observed in the compression of spheres
(after Brzesowsky 1995).
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temperature upper crustal conditions, the elastic strain energy, resulting from
stress concentrations at grain to grain contacts, is thought to control crack
propagation. In addition, the frequency, distribution, shape and orientation of
surface flaws is thought to influence the amount of strain that can be accumulated
before failure occurs by transgranular cracking. Fracture by elastic strain
accumulation is thought to be the main process associated with fast fracture

propagation.

Under the conditions of the upper crust, the presence of fluids in a sediment can
influence fracture propagation by either mechanical or chemical means. Hydraulic
fracturing occurs where the pore fluid pressure exceeds the local tensile strength of
the material. In addition, fluids can control crack propagation by corrosion at crack
tips. The chemically active fluids preferentially react with strained atomic bonds at
the crack tips, leading to sub-critical crack growth (Anderson and Grew 1977,
Atkinson 1984, Atkinson and Meredith 1989).

At higher temperatures and stresses, the diffusion of impurities to grain boundaries
can lead to the embrittiement of the grain surface, which can lead to fracture
propagation (Atkinson and Meredith 1989). Phase transformations and other
chemical reactions can result in increased product volumes with the resultant
induced stress concentrations also initiating fracture (Anderson 1977, Knipe 1989).
In addition, dislocation tangles within the crystal lattice can result in work
hardening, also leading to fracture (Atkinson and Meredith 1989).

All of the above mechanisms mayﬂ:éfe involved in time-dependent (sub-critical) crack
growth at low propagation velocities. This can occur at levels of stress well below
the critical stress level needed for catastrophic failure. However, the identification of
the microstructures which characterise each of these mechanisms remains elusive
(Knipe 1989).

3.2.2.2 Diffusive processes
Diffusive processes can result in deformation by transferring material away from

zones of relatively high intergranular stress to interfaces with low normal stress

(Rutter 1983). This results in mass transfer with the local volume loss allowing
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further compaction to occur. The driving force for diffusive mass transfer (DMT) is
considered as one of stress induced gradients in the normal component of the
chemical potential of the solid/fluid phase boundary (Lehner 1990, Spiers and
Schutjens 1990). In addition, fluid pressure gradients and variations in internal

strain energy of grains are both cited as possible DMT driving forces (Knipe 1989).

According to Knipe (1989), diffusive mass transfer can be subdivided into three

stages, each with characteristic mechanisms and microstructures:-

Stage 1:Source mechanisms define how the material enters a diffusion path. They

control the activation of diffusion through the crystal lattice, along grain
boundaries and the activation of corrosion and reaction processes.
Characteristic microstructures result in pitted pebbles, truncated fossils
and styolites (Rutter 1983, Houseknecht 1987).

Stage 2:Migration mechanisms transport the diffused material along one or several

of a number of possible diffusion paths. These mechanisms are all
characterised by the presence of reaction products along grain boundaries:-
(i) Nabarro-Herring Creep: Diffusion using the crystal lattice as a diffusing
medium (Poirier 1985).

(i) Coble Creep: Diffusion along the deformed and distorted Crystal
structures at solid-solid state boundaries (Poirier 1985).

(iii) Pressure Solution: Diffusion along a thin fluid film along grain
boundaries (Rutter 1983).

(iv) Fluid flow: Transport via a bulk fluid, allowing infiltration of transported

material (Spiers and Schutjens 1990).

Stage 3:Sink mechanisms deposit transported material in sites of lower stress and
crystal growth. This material precipitation produces overgrowths, pressure

shadows and veins.
DMT is likely to be of greater importance in fine-grained sediments. This is because

the diffusion path length will be low whilst differential stresses may still be low

enough to inhibit plastic deformation processes (Knipe 1989).
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3.2.2.3 Intracrystalline plasticity

At low temperatures, such as those found in the upper crust, deformation by
intracrystalline plasticity is limited to dislocation glide. Movement is confined to slip
planes and leads to dislocation tangles. These tangles prevent further slip and
induce work hardening (Groshong 1988, Knipe 1989).

3.2.3 Time-dependence

Both intergranular and intragranular deformation mechanisms can be categorised in
terms of time-dependence. For example, pressure solution is a time-dependent
intergranular mechanism, whereas, frictional grain boundary sliding is a time-
independent intergranular mechanism. Thus, the deformation of a sediment can be
thought of in terms of total strain accumulated either instantaneously or over time,

following the application of a load.

Time-independent mechanisms include frictional grain boundary sliding without
fracture and elastic deformation. In addition, fracture mechanisms which result in
fast fracture propagation, as caused by elastic strain accumulation, can also be
considered as a time-independent or quasi-instantaneous phenomena. Time-
dependent mechanisms include all diffusive processes and fracture mechanisms

which are involved in sub-critical crack growth.

3.3 Environmental and lithogical controls of deformation

The initiation of any deformation mechanism depends upon the environmental and
lithological conditions at play. For example, intracrystalline plasticity mechanisms
generally operate at high crustal temperatures (Groshong 1988, Knipe 1989).
Environmental factors which are known to influence sediment deformation include
temperature, stress maghnitude, pore fluid chemistry, pore pressure magnitude and
loading rate (e.g. Lambe and Whitman 1979, Groshong 1988, Knipe 1989, Jones
1994, Maltman 1994, Karig and Morgan 1994, Brzesowsky 1995). Lithogical
factors include grain size, grain shape, sorting, porosity and mineralogy (e.g. Fruth
1966, Knipe 1989, Hagerty et al. 1993, Hite 1993, Brzesowsky 1995).
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This study has set out to investigate systematically a few of these environmental
and lithological controls and their influence on the deformation of oolitic sand. Grain
size, pore fluid chemistry and effective stress magnitude were selected as
experimental variables as they can all vary significantly in upper crustal sediments.
The effect of loading rate on the deformation of oolitic sands has also been studied,
but to a more limited extent. Understanding the effect on deformation of these
factors is of considerable importance for successful and continued production of
hydrocarbon reservoirs and the safe construction of deep foundations. In addition,
the investigation of these variables is relatively simply achieved in the laboratory,
with the oolitic sand itself giving a reasonable control on grain shape (well-sorted

spherical grains).

The following section summarises various previous investigations of these
lithological and environmental variables, and their influence on deformation.
Overviews on other lithogical factors not investigated here, are also given, as
together they provide an important insight into the general mechanical behaviour of
granular materials. In addition, this overview will show that many of these factors
are inter—related and have a co-active effect on deformation These factors are grain
shape, sorting, porosity and mineralogy. The influence of time-dependence on these

variables is not reviewed here but will be presented separately in Chapter 7.

3.3.1 Grain size

In order to understand fracturing at the grain scale, numerous workers have
performed compression tests on spheres or grains of different materials, including
glass, perspex, quartz and sapphire. These singular grains or spheres are loaded
diametrically between platens of either steel, alloy, glass or ceramics until failure
occurs (e.g. Rumpf et al. 1967, Rumpf and Schonert 1972, Stief 1976, Gallagher
1974, Shipway and Hutchings 1993). Research has shown that there is a grain size

effect on deformation seen at the single grain scale.

Rumpf, Schonert and StieB have shown invariously that glass spheres with a
diameter > 80 pm, compressed at 22 °C, exhibit shallow ring cracks near the
contact circle which then pass into cone cracks (Rumpf et al. 1967, Rumpf and

Schonert 1972, Stief 1976). Smaller glass spheres, with a diameter < 25 um, also
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form ring cracks but in addition exhibit plastically deformed contact regions, lateral
cracks giving rise to coherent cones and radial cracks evolving into meridional

cracks. These fracture modes are depicted in Figure 3.1.

To investigate the effects of grain size on the deformation of aggregates, De Souza
(1958) uniaxially compressed three different water-saturated aggregates to 138
MPa axial stress, under conditions of one-dimensional strain. These materials were
very angular quartz grains, uniform rounded grains of Ottawa Sand and particles of
New England beach sand. Findings showed that decreasing median grain size
lowered the compressibility of the material. In other words, greater compaction
occurred in samples consisting of larger grains. Several other studies have agreed
with De Souza’'s findings on the effect of grain size including Hite (1989), Esterle
(1990) and Hagerty et al. (1993). For example, Hagerty et al. (1993) performed
uniaxial K, compression tests on dry glass beads to axial stresses of 34.5, 103,
345, 517 and 689 MPa. The beads were sieved into grain size fractions of 250-425
pum, 350-700 um and 600-850 um. The results showed that the maximum degree
of particle size reduction occurred in specimens with the largest median particle size
with considerably less crushing occurred in the smallest grain size sample (Fig. 3.2).
Hagerty et al. (1993) postulated that the more extensive crushing seen in
specimens with the larger median grain size is a consequence of the relatively
smaller number of interparticle contacts per unit of cross-sectional area. The
average interparticle stress magnitude of the sample would vary inversely with the
number of interparticle contacts contained. Thus, the average interparticle stress
maghnitude would be higher for specimens with larger particles and result in more

crushing per increment of applied stress (Hagerty et al. 1993).

More recently, Brzesowsky (1995) investigated the uniaxial K, compression of a
quartz beach sand and studied the effect of stress magnitude, pore fluid type, grain
size and loading rate on the resulting deformation. The quartz sand consisted of
sub-rounded (ranging from sub-angular to rounded) grains which were generally
smooth but with some pitting, grooves and depressions. The material was 97-98%
monocrystalline. Prior to testing, the sand was sieved into fractions of 19616,
275125 and 378+22 um. The pore fluids used to saturate samples were either an
inert hydrocarbon (ndecane) or distilled water saturated with silica, with a pH

adjusted to 6-7 using hydrochloric acid. The uniaxial compaction experiments were
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performed in an oedometric device, at room temperature, and under both dry and
drained (to atmospheric pressure) sample conditions. Load was applied by ramping
or cycling using constant loading rates of 3.9, 282, 390 and 5495 MPa/hour to a
maximum applied stress of 30 MPa. Samples were fluid flooded after an initial

application of 0.24 MPa load.

From Brzesowsky's observations of grain size effects, results show that changes in
grain size prove to have a significant effect on the strain behaviour. Figure 3.3
demonstrates a systematic effect of grain size under dry vacuum conditions
(Brzesowsky 1995): With increasing grain size more permanent deformation is

achieved. In order to explain this phenomenon, Brzesowsky devised a
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Fig. 3.2: Axial strain versus normalised vertical effective stress/critical pressure for various aggregates
(after Hagerty et al. 1993).
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Fig. 3.3: Applied stress versus volumetric strain plot for uniaxial K, compaction tests on quartz sands,
of grain sizes 196, 275 and 378 um, and under dry vacuum conditions (after Brzesowsky 1995).

microstructural model which showed that under certain criteria grain size
dependence should be expected. The model was based on an individual grain failure
criterion using the Hertzian/linear elastic fracture mechanics (LEFM) model (Hertz
1882, 1896, Brzesowsky 1995) and Weibull weakest link model (Weibull 1951,
Brzesowsky 1995). If this model was applied directly to an aggregate of identical
grains with identical flaws, it would predict that the grains making up the aggregate
would all fail simultaneously at a critical failure force (F,). As this is not a realistic
representation of a deforming aggregate, Brzesowsky (1995) considered the

aggregate as a population of grains with distributed F.. This was done by

considering two extreme cases:-

1) Spherical grains with a constant radius of curvature plus a grainto-grain

distribution of flaw sizes at failure (¢ = critical crack dimension) - assumed

constant per grain.
2) Non-spherical grains with a constant flaw size at failure, plus a grain to grain

distribution of effective radius of curvature, characterising distributed contact
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asperity amplitude. This case assumes that the aggregate is treated as an

ordered packing with an equivalent sphere mean grain size.

Brzesowsky’s model showed that for the first case, the elastic strain is grain size
independent and that the brittle strain is only grain size dependent if the Weibull
parameters m and k are grain size dependent. Where, parameters m and k
characterise the distribution of crack size at failure or the effective radius of
curvature of each grain (Brzesowsky 1995). In case 2, both the elastic strain and

brittle strain are shown by Brzesowsky (1995) to be grain size dependent.

The simulated data, generated by the model, are shown in Figure 3.4, for case 1,
and in Figure 3.5, for case 2. A subsequent comparison of the simulated data with
experimental data proved that the closest match is found in the data generated
from the model which assumes non-spherical grains and a grain size dependence.
On this basis, Brzesowsky hypothesised that the grain size dependence seen in his
uniaxial K, compression experiments on quartz sand, is due to a grain size

dependent departure from sphericity.

In conclusion, Brzesowsky inferred that the uniaxial K, compaction of sand
aggregates is primarily controlled by elastic distortion of grains and grain crushing,

and is somehow favoured at larger grain sizes.
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Fig. 3.4: Plots of applied stress versus volumetric strain show examples (a) and (b) of data generated
using case 1 of Brzesowsky's (1995) microphysical mode! for sand compaction. For case 1, grains are
spherical and there is a distribution of flaw sizes at failure (d = grain size).
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using case 2 of Brzesowsky's (1995) microphysical model for sand compaction. For case 2, grains are
non-spherical and there is a constant flaw size at failure (d = grain size).

Relatively little work has systematically investigated the effect of grain size on the
deformation characteristics of aggregates under conditions of differential stress
found in the upper crust. This is particularly true for stress conditions which are of
greater magnitude than those normally pertinent to civil engineers. However, one
example of such a study is that of Kageson-Loe (1993). As part of an investigation
into the strain behaviour of chalk, Kageson-Loe (1993) performed triaxial
deformation experiments on remoulded chalk samples. Kageson-Loe (1993)
mechanically crushed Lewes Chalk and then sieved the material into grain size
fractions of 500-1000 um and 125-250 um. The remoulded chalk samples were
isotropically consolidated to mean effective stresses of 5, 10 and 15 MPa, and
then sheared under undrained conditions to axial strains of up to 15%. All samples

were saturated with distilled water.

In contrast to the deformation characteristics of intact chalks, Kageson-Loe (1993)
found that the remoulded chalks lacked any linear-elastic response and in most
cases strain softened beyond a peak strength (Fig. 3.6). According to Kageson-Loe
(1995), the shape and orientation of the stress paths indicate that the samples
attempt to dilate during the early stages of deformation. With continued
deformation, in the smaller grain size samples (Fig. 3.6(a) and (b)), the shear
behaviour becomes slightly contractive and is associated with a generation of an

excess pore pressure i.e. a decrease in mean effective stress. This contractive
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behaviour is also seen in the coarser grained chalks (Fig. 3.6(c) and (d)). However,

in these larger grained samples, the contractive behaviour is more prominent and

occurs at lower deviatoric stress magnitudes. In addition, the coarse grained

material tends to revert again to dilatant behaviour as peak stress is approached.

The general dilatancy seen in the early stages of deformation is said by Kageson-

Loe to be typical of that known for the undrained behaviour for dense sands

(Section 2.5.3, Atkinson and Bransby 1978, Lambe and Whitman 1979, Bolton

1991, Atkinson 1994) i.e. in a state which is ‘dry of critical’ (Section 2.5.3,
Atkinson and Bransby 1978, Atkinson 1993). Hence, the material must initially

dilate to a more loose fabric configuration before a failure state is attained
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of grain size 250-500 pm.
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(Atkinson and Bransby 1978, Bolton 1991, Atkinson 1993). The contractive
behaviour that is seen prior to peak strength is thought by Kageson-Loe (1993) to
be related to grain crushing. Kageson-Loe (1993) suggests that this crushing would
alter the fabric density and necessitate further dilation before a failure state could
be attained. If the contractive behaviour does relate to grain crushing, then it follows
that at undrained conditions of deviatoric stress to 28 MPa (the maximum peak
strength attained), larger grain size samples of chalk aggregates deform by crushing
at lower deviatoric stress magnitudes than seen in smaller grain size samples. This
hypothesis agrees with the grain size effect seen by other workers in one-
dimenslonal compaction experiments, with grain crushing being favoured in samples

with larger grains.

Kageson-Loe (1993) also speculates that, as the remoulded chalks approach a
failure state in a manner equivalent to that of dense sands, it follows that the peak
strength would occur at a state boundary equivalent to the Hvorslev surface
described in critical state soil mechanics (Section 2.5.4, Atkinson and Bransby
1978, Lambe and Whitman 1979, Boiton 1991, Atkinson 1993).

Renner and Rummel (1996) also investigated the effect of particle size on the
triaxial compression (shear deformation) of carbonate aggregates. For this study, dry
cold-pressed aggregates of aragonite, calcite and limestone were initially sieved to
give grain size fractions of 15, 50, 100 and 400 um. The samples were deformed
at confining pressures of 50, 80 and 150 MPa and the strain rate was varied
between 5 x 10* s* and 5 x 10° s?, with most tests being conducted at5 x 10° s™.
According to Renner and Rummel (1996), the samples showed a transition from
brittle to ductile behaviour and a transition from dilation to compaction with
increasing sample grain size (Fig. 3.7). In other words, bulk strength and the brittle-
ductile transition pressure increases with decreasing particle grain size (Renner and
Rummel 1996). In agreement with Hagerty et al. (1989), Renner and Rummel
postulate that the grain size effect is related to the applied stresses and their
resulting load at the grain scale: Larger grains experience higher intergranular
stresses than smaller grains as there are less point contacts per unit area found in

large grain size samples.

As well as brittle deformation, grain size has also been found to influence pressure
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Fig. 3.7: Stress difference (Ac) and volumetric strain (0) versus axial strain (g,) curves showing the effect
of average particle size for cold-pressed aragonite rocks (ar) with 20 and 15% porosity at 50 MPa, cold-
pressed calcite rocks (cc) with 7% porosity at 80 MPa and cold-pressed limestone with 10% porosity at
150 MPa confining pressure. Legend = curve number; material; confining pressure (MPa); initial
porosity(%); particle size. (After Renner and Rummel 1996).

solution. For example, in 1984, Houseknecht performed microscopic studies on
sandstone of the Arkoma Basin. He found that there was a negative linear
relationship between the mean grain size and the volume of quartz dissolved by
intergranular pressure solution. In other words, the amount of intergranular pressure
solution increases with decreasing grain size. This was explained by Knipe (1989) to

be a consequence of the low diffusion path length found in fine-grained sediments.

3.3.2 Grain shape
Brzesowsky (1995) has already demonstrated a possible link between grain size

and grain shape which may influence the deformation characteristics of a sediment.

His model indicated that the grain size dependence, seen in his uniaxial
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compression data for quartz sand, was due to a grain size dependent departure
from sphericity (Section 3.3.1).

Previous work by Frossard (1979), has also demonstrated an effect of grain shape
on deformation. Frossard undertook a quantitative characterisation of grain shape
to allow the interpretation of the effect of angularity on interparticle friction. In
addition, using his experimental strain data he investigated the effect of sphericity
on dilatancy rates. The materials he used were >95% monocrystalline and consisted
of: (a) highly angular calcareous grains; (b) well-rounded calcareous ooids; (c) highly
angular quartz grains and (d) sub-rounded quartz grains. The samples were triaxially
compressed in a dry state with a confining pressure of 0.05 MPa (a value chosen to

avoid particle rupture). Volume change was measured to an accuracy of 0.01 cm?®.

Frossard (1979) found that grain shape does affect interparticle friction,
independently of the mineralogical nature of the grains. This is demonstrated in
Figure 3.8, where large friction angles can be seen to occur in grains with small
asperity indices (i.e. angular grains). Secondly, from the strain data collected,

Frossard calculated the maximum dilatancy rates shown by each mineral aggregate

type:-

Maximum rate of dilatancy, Dy, = (1 - d&y/dk,) (3.1)
Where, € is volumetric strain and €, is the axial strain. The results given in Table
3.1, show that for the well-rounded calcareous ooids, D,,, has values which exceed
the value of 2. This is the maximum value which can be attained according to
Horne's (1969) theory of dilatancy. Hence, Frossard found that this statistical
hypothesis justifying the maximum value of 2 for D is not applicable to very rounded
calcareous grains such as ooids. It should also be noted that the maximum
dilatancy rate calculations show a grain size effect: Table 3.1 shows that maximum
dilatancy rate D,,, increases with increasing ooid diameter, with a rate of 2.40-2.46
seen in ooids of 1.0-0.5 mm in diameter compared with a value of 2.12-2.23 seen

in ooids of 0.5-0.25 mm diameter.

Finally, Frossard (1979) noted that it was experimentally impossible, using his

apparatus, to obtain samples of ooids which were in a loose enough state for
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Sediment Stream limestone Calcareous ooids Calcareous ooids
Grain size 2to1 mm 1t0 0.5 mm 0.5 t0 0.25 mm

€, 0.562 0.642 0.644 0.644 0.726
D,m 2.03 2.40 2.46 2.23 212
A 34.5° 33.6° 33.7° 33.8° 32.6°

Table 3.1: Measurements of initial void ratio (g,), maximum dilatancy rate (D,,,) and interparticle friction
angle (@,) for three carbonate sediments (after Frossard 1979).

notable dilation not to occur during straining. From this, he suggests that a loose

assembly of very rounded grains is quite unstable even if it is irregularly packed.

In summary, Frossard’s results show that interparticle friction appears to increase
with particle angularity, independently of mineralogy. In addition, sphericity has a
notable effect on volume strain, especially the maximum dilatancy rate D, which

increases with increasing sphericity and increasing grain size.

As well as investigating the effect of grain size on deformation (Section 3.3.1), De

Souza (1958) looked at the effect of grain shape on the uniaxial K, compression of
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Fig. 3.8: Plot showing correspondence between interparticle friction 6, and asperity index /, for various
sediments (after Frossard 1979).
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very angular quartz grains, uniform rounded grains of Ottawa Sand and particles of
New England beach sand. His findings showed that increasing particle angularity

appeared to increase the sample compressibility.

In unconfined triaxial compression experiments on aggregates of syenite, Kjaernsli
and Sande (1963) also found that angular rough surface granular materials were
crushed more extensively at a given stress than were materials with smooth
rounded grains. More recently, Hagerty et al. (Section 3.3.1, 1993) agreed with
these findings: Uniaxial K, compression experiments on angular glass particles and
round glass beads of the same median grain size showed that the angular particles

crushed to a greater degree than the round beads.

Hagerty et al. (1993) hypothesised that these findings were probably a result of the
incidence of the type of loading occurring at the grain-scale. Angular particles have a
greater incidence of eccentric loading compared with spherical grains, where loading
is more frequently directed through particle centres. Thus, for spherical particles
intergranular stresses are transmitted more commonly as compression forces and
are directed towards particle centres whereas, for angular grains, eccentric loading
would produce higher shear and tension stresses, leading to fracture (Hagerty et al.
1993).

3.3.3 Porosity

As well as illustrating effects of grain size and grain shape, De Souza’'s uniaxial
compression experiments of 1958 (Sections 3.3.1 and 3.3.2) also show that the
lower the initial density of the material the higher the compressibility. In other
words, the higher the porosity of the sediment, the higher its compressibility. More
recently, Hite (1989) uniaxially compressed, under oedometric conditions, both
loose and dense samples of quartz sands to pressures of 345 MPa. The samples
were all saturated with distilled water. Hite's results agreed with those of De Souza
(1958), with the compressibility decreasing with increasing sample density. The
explanation given by Hite (1989) is based on the greater number of interparticle
contacts and, therefore, lower average interparticle forces, found in more dense
samples. Hence, particle crushing would occur to a lesser amount than found in

less porous samples.
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Renner and Rummel (1996) also investigated the effect of sample porosity, in
addition to the effect of grain size. Their triaxial compression experiments of dry
cold-pressed aggregates of various carbonates are described in Section 3.3.1.
Findings showed a transition from brittie to ductile behaviour and a transition from
dilation to contraction with increasing sample porosity. As with grain size, and in
agreement with Hite (1989), Renner and Rummel (1996) attributed these
phenomena to grain-scale stress magnitudes. More porous materials have higher
intergranular stresses per unit area from a fixed applied stress than do more dense

materials.

3.3.4 Sorting

In 1966, Fruth et al. investigated the compaction of carbonate sediments for effects
of sorting and grain shape. Fruth et al. performed hydrostatic tests on samples of
different carbonate sediments with confining pressures up to 100 MPa. Samples
were saturated with distilled water and pore pressures were drained to atmospheric
conditions. Confining pressure was applied in increments, allowing the excess pore

fluid pressures to dissipate. The sediments investigated were:-

a) Oolite facies: Median grain size = 350 um; Trask sorting coefficient = + 1.31.

b) Oolitic facies, including coated shelly fragments and other coated grains: Median
grain size = 350 um, Trask sorting coefficient = 1.42.

c) Grapestone facies, friable and coherent aggregates of skeletal and non-skeletal
grains (the finer grains tend to be more angular): Median grain size = 0.41; Trask
sorting coefficient = 1.86.

d) Skeletal facies, abundant skeletal debris: Median grain size = 320 um; Trask
sorting coefficient = 2.67.

e) Mud facies, predominantly clay-sized aragonite grains: Median grain size = 40

pm.

At very low hydrostatic pressures of 3 MPa, Fruth et al. found that compaction
increased with decreased sorting i.e. the well-sorted oolite facies underwent
negligible compaction, whereas, the mud and skeletal facies showed high degrees

of compaction, of the order of 30% (Fig. 3.9(a)).
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Above 35 MPa hydrostatic pressure, the compaction curves become nearly parallel
(Fig. 3.9(a)). Indicating that after significant variation in the initial compaction, the
change in compaction with increased pressure is nearly the same for each of the
sediment types. In addition, despite variations in initial porosity from 40%
(oolite/oolitic facies) to 60% (skeletal/mud facies), beyond 12MPa confining
pressure, all samples show approximately 35% porosity (Fig 3.9(b)).

From microstructural studies, Fruth et al. (1966) noted that compaction of the well
sorted oolite samples result in a high degree of grain fracturing. They hypothesised
that, because of a lack of matrix, there is negligible initial compaction and the
grains are in contact with one another continuously during the applied pressure.

Their studies showed that fractures tend to radiate from points of contact, but in
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Fig. 3.9: Plots of (a) compaction and (b) porosity versus confining pressure for sediments of oolite,
oolitic, grapestone, skeletal and mud facies (after Fruth et al. 1966)
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some cases a single fracture occurs across the whole grain. A few grains are
crushed and spalling and buckling of the outer rim is common. Fruth et al. (1966)
also found that grain coatings tend to increase the strength of grains such as shell
fragments. Their observations led them to postulate that the finer grains present in

the oolitic facies tend to cushion the effects of the compaction initially.

Fruth et al.’s conclusions of 1966 agree with the later findings of Bhattacharrya and
Friedman (1979), who also investigated the effect of carbonate mud content on the
compaction of carbonate sediments. However, their experiments were conducted
under oedometric conditions to axial effective stresses of 55 MPa. They found that
as the proportion of carbonate mud in the sample increased, the number of broken

grains decreased. This work is summarised in Section 1.2.

In another early study, Hall and Gordon (1963) investigated the effects of grading on
the triaxial compression of quartz sands. They found that well-graded sands
exhibited less crushing at a given stress than did poorly graded materials. In a much
later study, Pittman and Larese (1991) undertook compaction experiments of lithic
sands to determine if there was a grain size effect on deformation. Their results
agreed with earlier studies (e.g. Fruth et al. 1966, Bhattacharrya and Friedman
1979) and indicate that the presence of a fine-grained matrix does cushion the
larger grains from deformation. Pittman and Larese’s experiments were performed
under uniaxial strain conditions. The applied uniaxial stress was increased at 6.9
MPa every half hour to a maximum of 103 MPa. All tests were conducted at 75°C
with a test duration of 9 hours. Two sample types were used, each of 50% quartz
and 50% green shale, with the quartz grains being either in the range 0.125-0.25 or
0.5-1 mm. The initial starting porosities were similar but slightly raised for the finer

grained samples.

Pittman and Larese (1991) found that there was no discernible difference in the
behaviour of the samples during deformation, when compacted at effective stresses
ranging from 3.5 to 51.7 MPa. Well-sorted sands have similar porosities and this is
the reason given by the author for the similarities in behaviour. However, it is more
likely that the deformation was taken up by the finer grained clay particles in each

sample, hence no difference in behaviour was seen.
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Most recently, Thevanayagam (1998), performed undrained triaxial compression
tests on samples of sand mixed with different amounts of fines content. Samples
were all initially isotropically consolidated to 100 kPa. An analysis of steady-state
strength data showed that fines content and relative density play important roles
affecting the steady-state strength. Relatively clean sands (<12% fines) showed the
highest steady-state strength with this decreasing with increasing fines content.
However, in these experiments deviatoric stress only ranged up to 100 kPa, a
magnitude at which grain crushing is unlikely (see Section 3.3.5). When a
particulate sediment is subject to an applied force, the individual grains compact by
rearranging themselves by rolling or sliding until the aggregate 'locks up’ in a meta-
stable equilibrium. Hence, the clean sands are more likely to show higher steady-

state strengths as 1ocking-up’ would occur more readily.

3.3.5 Mineralogy

It is generally accepted that increased mineral hardness increases the intrinsic
strength of a material (Borg et al. 1960, Zoback and Byerlee 1976, Lambe and
Whitman 1979, Lee and Farhoomand 1967, Vesic and Clough 1968). For example,
Lade et al. (1996) found that increasing mineral hardness decreases the amount of
particle crushing. Similarly, in a study which compared polymorphs of calcium
carbonate, Renner and Rummel (1996) found that aggregates of cold-pressed
aragonite tend to be stronger than aggregates of cold-pressed calcite for similar
porosity and particle size and identical confining pressure and strain rate. Aragonite

has a Moh hardness of 3.5-4.0 compared with a value of 3.0 for calcite.

These results are in contradiction with the earlier findings of Hagerty et al. (Section
3.3.1, 1993). Uniaxial K, compression tests were undertaken on samples of Ottawa
sand (quartz) and glass beads, to axial stresses of 689 MPa. The particles were all
well-rounded and of equal median grain size. Hagerty et al. (1993) found that
samples of Ottawa sand showed a higher degree of crushing, even though the glass
has a Moh hardness of 5.5 whereas for quartz this is 7.0. However, these results
could be accounted for by the departure from sphericity seen in natural quartz
grains compared with the glass beads. As shown by Brzesowsky (Section 3.3.1,
1995) and Frossard (Section 3.3.2, 1979), the degree of sphericity of grains can

significantly effect the extent of deformation seen.
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The presence of a cleavage is also known to influence mineral strength. for
example, in 1959, Harremoes investigated the effect of particle mineralogy on
particle crushing, to stresses of 138 MPa. He found that particles composed of
minerals with pronounced cleavage crushed more extensively than particles with
less cleavage. In 1964, Roberts tested the same materials to stresses of up to

276 MPa and found similar results.

3.3.6 Pore fluid type

Many geomechanical experiments assume that chemical changes are a second
order effect because they are believed to occur slowly. However, measurements of
reaction with time show that reactions commence instantaneously (Butenath and De
Freitas 1990). Rutter, in 1983, noted that limestone may be weakened by pore
water at room temperature, yet for most engineering studies this effect is described
purely in terms of mechanics (i.e. effective stress). Newman (1981) has also shown
that the physical presence of fluid alone (i.e. an explanation in terms of effective
stress) is insufficient to describe the loss of strength in the presence of a pore
fluid, the chemistry of the fluid is also important. For the practical purposes of
engineering an explanation in terms of effective stress is convenient but it may not

be a sufficient description of the phenomenon.

The weakening effect of water on the mechanical properties of intact chalk has long
been recognised in the field of civil engineering. However, the effect of sea water on
oil reservoir chalk is much more debated, with experimental findings varying
considerably from one laboratory to another, possibly as a result of sample handling
techniques (Piau and Maury 1994). However, the insitu effect of the sea water
injection into North Sea chalk reservoirs is undoubtedly an increase in compaction
and sea floor subsidence (Leddra 1990, Loe et al. 1992, Kageson-Loe 1993, Piau
and Maury 1994).

Typical chalks are 98-100% calcium carbonate with porosities ranging from
approximately 30-50%. The mechanical properties of chalk do not vary when
saturated with oil or any other non-polar fluids. However, when saturated or partially
saturated with water, the mechanical limits are all reduced with the elastic moduli,
strength and cohesion all being lessened by 20-50% (Piau and Maury 1994). In a
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further study on intact chalk, Loe et al. (1992) looked at the effect of changes in
pore fluid on one-dimensional compaction. Sea water injection into oil saturated
intact chalks, at 25 MPa, facilitated yielding which the authors attributed to possible
enhanced micro-cracking. Findings also showed that creep rates increased with sea
water injection, with this effect decreasing immediately following cessation of

injection.

The above-mentioned studies have all been concerned with the effect of pore fluid
chemistry on cemented chalks. There is considerably less work in the literature
presenting investigations of the chemical effect of pore fluids on particulate
aggregates. This is particularly so at the stress levels encountered in the near upper
crust. Examples of such studies are Bhattacharyya and Friedman (1984), Kageson-
Loe (1993) and Brzesowsky (1995).

Bhattacharyya and Friedman (1984) studied the uniaxial compaction of ooids to
applied effective stresses ranging from 75 to 149 MPa, at temperatures of either
150°C or 200°C. These experiments are described in more detail in Section 1.2.
Under the same conditions of pressure and temperature, samples saturated with
marine water as opposed to distilled water showed a higher incidence of concavo-
convex and longitudinal contacts over sutured contacts (Section 1.2). With regard to
grain breakages, the incidence of undeformed and diagonally fractured grains
increases, with a concomitant decrease in spalled ooids, when saturated with
marine water rather than distilled water. These trends were slight but found to be
consistent. In conclusion, Bhattacharrya and Friedman (1984) state that marine
water appears to suppress pressure solution and enhance the plastic deformation
of ooids. In addition, in the presence of seawater, grain breakages consist of fewer
spalled grains and more diagonally fractured and undeformed grains. No explanation

is offered by the authors for this behaviour.

Kageson-Loe (1993) also investigated the effect of pore fluid chemistry on the
uniaxial K, compression of ‘aged’ remoulded chalks of grain size 125-250 um
(Figure 3.10). ‘Ageing’ of the samples was undertaken by confining the samples
under drained low effective stress conditions for 72 hours before testing. Four
samples were compacted to mean effective stresses of up to 20 MPa. Two were

saturated with distilled water (one aged and one fresh) with the remaining two
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Fig. 3.10: (a) Stress paths in p-q' space and (b) deviatoric stress/axial strain curves for remoulded
Lewes chalk, of grain size 125-250 um. Plots show the effect of different pore fluids on uniaxial K,
compression (after KagesonlLoe 1993).

saturated in a simulated sea water and a North Sea hydrocarbon (both aged).

Samples were deformed at a displacement rate of 0.05 mm,/min.

Kageson-Loe (1993) postulates that overall ageing effect in the presence of distilled
water is a simple increase in the stiffness of the structure at low effective stresses
(Fig. 3.10). However, little evidence is noted by Kageson-Loe for stiffening in the
brine and oil samples (Fig. 3.10). Kageson-Loe (1993) concludes that uniaxial K,

compression is relatively unaffected by pore fluid chemistry.

Brzesowsky (1995) also investigated the effect of chemical environment on
deformation. The results of his uniaxial K, compression experiments on quartz
sands (described in Section 3.3.1) are shown in Figure 3.11. The stress-strain
curves obtained under dry conditions can be seen to correspond to those obtained
from drained tests on fluid-saturated samples. In addition, the sample with distilled
water behaved similarly to the sample saturated in an inert hydrocarbon. Hence,
Brzesowsky’s data shows no significant effect of chemical environment. Brzesowsky
(1995) suggests that the absence of any change in behaviour when samples are dry
or wet indicates that pure frictional compaction processes (particle sliding) play a

minor role even at the fastest loading rates. From his results, Brzesowsky (1995)
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Fig. 3.11: Applied stress versus volumetric strain plot from uniaxial K, compaction tests performed on
quartz sands of grain size d = 275 um. The data shows the effect on compaction of dry or saturated
samples and the effect of varying the pore fluid (after Brzesowsky 1995).

implies that water does not significantly promote deformation at the time scale
investigated either via unstable crack formation plus grain failure, crack growth by

stress corrosion plus grain failure or any other mechanism.

Other recent studies have investigated the effect of pore fluid viscosity on
deformation. Zeng et al. (1998) showed that the stress-strain behaviour of quartz
sand (Ottawa sand) is not affected by the changes in the pore fluid viscosity when
tested with pore fluids of different mixtures of glycerin and water. However,
materials were only tested to 200 kPa. Conversely, Ishida et al. (1998) reported
that, based on the focal mechanism of acoustic emissions, shear-type fracturing
dominates in the case of water used for hydraulic fracturing, whereas tensile-type
fracturing dominates when using viscous oil. Also observed is the phenomenon that
crack extending direction often changes direction with water injection but never

changes with oil injection.

3.3.7 Stress magnitude

In 1925, Terzaghi concluded that particle crushing was insignificant for sands

compressed, under K, conditions, to 8.5 MPa. In similar compression tests up to
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23.6 MPa, Botset and Reed (1935) reported that particle crushing remained
insignificant. Under uniaxial K, conditions, DeBeer (1963) found that particle
crushing on uniform sands was negligible when compressed to axial stresses below
9.8 MPa. In disagreement with Botset and Reed, DeBeer also found that the
crushing of sands became substantial at stresses of about 15 MPa but decreased
progressively with increases in stress above 34 MPa. However, from experimental
hydrostatic and K, compaction studies on sand, Lambe and Whitman (1979) found
that, at stresses as low as 7 MPa and above, grain crushing enhanced further
compaction. This was revealed by major grain size reduction and audible cracking

sounds.

The above studies reveal that there appears to be considerable variation in the
pressure at which grain crushing commences, a point which is often termed the
critical pressure (e.g. Wong 1990, Hagerty et al. 1993). In a systematic
investigation of this phenomenon, Zhang et al. (1990) compared datasets for the
compaction of quartz sand from previous workers, and together with their own
experimental data deduced a relationship between porosity, grain size and the

maghitude of the critical pressure.

Zhang et al. (1990) investigated the onset of grain crushing under hydrostatic
loading conditions, using confining pressures up to 600 MPa and constant pore
pressures ranging up to 50 MPa. Five different sandstones (Boise, Kayenta,
St.Peter, Berea and Weber were selected for testing, because of their wide range of
grain size (60460 um) and porosity (5-35%). When effective stress was plotted
against porosity change, findings showed that each sandstone had an inflection
point (Fig. 3.12). This point of inflection corresponded to a critical effective
pressure, beyond which compaction proceeded at a faster rate and was deemed
irrecoverable (Zhang et al. 1990). By microstructural observations, Zhang et al.
(1990) showed that the critical effective pressure correlates with the onset of grain
crushing in a sample. This correlation has also been previously noted by Lee and
Farhoomand (1967) and Lambe and Whitman (1979).

Critical pressures relating to the sandstones tested by Zhang et al. (1990) are

shown in Table 3.2, along with results compiled from other workers (Lee and
Farhoomand 1967, Zoback 1975, Lambe and Whitman 1979, Hirth and Tullis,
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Fig. 3.12: Effective pressure versus porosity change curves, or hydrostats, of Boise, Kayenta, St. Peter,
Berea and Weber sandstones. Hydrostatic tests were conducted at a pore pressure of 10 MPa (after
Zhang et al. 1990).
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Sample Pressure | & s € 8 Reference
(MPa) (%) | (mm) (nm)
Oughtibridge Ganister | 12-1900 7 0.05 0.004-0.029 | Hirth and Tullis (1989)
Berea Sandstone 380 21 0.13 | 0.005-0.022 | Zhang et al. (1990)
St. Peter Sandstone 340 29 0.14 | 0.004 Zhang et al. (1990)
Kayenta Sandstone 300 21 0.15 | 0.006-0.026 | Zhang et al. (1990)
Boise Sandstone 75 35 0.46 0.010-0.045 | Zhang et al. (1990)
Ottawa Sand 55 31 | 0.19 |0.012 Zoback (1975)
Ottawa Sand 28 37 0.55 | 0.015 Lambe and Whitman (1979)
Sub-ounded coarse sand 4 47 1.40 | 0.044-0.205 | Lee and Farhoomand (1967)
Angular coarse sand 2 52 1.40 | 0.062-0.294 | Lee and Farhoomand (1967)

Table 3.2: Experimentally determined values of critical pressure for the onset of grain crushing, along
with values of initial porosity, average grain size and initial crack length (after Zhang et al. 1990). (*the
lower value is for quartz and the upper value is for feldspar.) The initial crack length is calculated using:
Fracture toughness = 0.31 MPam®/2; E_ .., = 95.6 GPa; Ve, = 0.077; Ey = 73.1 GPa; v, = 0.278.
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1989). It should be noted that the critical pressures from Lambe and Whitman are
taken from oedometric tests. These uniaxial compression tests could result in lower
critical pressure than would be estimated from a hydrostatic test due to shear
enhanced compaction. Similarly, both Hirth and Tullis’'s (1989) and Lee and
Farhoomand’s (1967) critical pressures are estimated from triaxial test data. The
compiled data show that onset of grain crushing in sands occurs at stresses as low
as 2 MPa. Zhang et al. (1990) also note a trend in which a granular material with a
high porosity and large grain size has a lower critical effective pressure than a
granular material with a lower porosity and a smaller grain size. Table 3.2 also
shows values of initial critical crack length which were derived by Zhang et al.
(1990).

As a further part of their study. Zhang et al. (1990) used Hertzian fracture
mechanics to theoretically model the onset of grain crushing. The model assumes a
randomly packed assemblage of spherical particles of several distinct sizes. Zhang
et al. found that if a sample consisting of uniform sized spheres with a regular
packing configuration is fitted to the model, then the critical pressure is found not to
depend on grain size or porosity. This finding is similar to that of Brzesowsky
(1995), whose model showed that spherical grains would not exhibit a grain size

dependence during brittle deformation (Section 3.3.1).

In Zhang et al.’s model, at grain contacts, a local normal force F is applied (Fig.
3.13) which is related to the effective stress, porosity and the grain radius. Hence,
the local stress regime is governed by the magnitude of the local normal force, the
grain radius and the elastic moduli i.e. Young’'s Modulus and Poisson’s Ratio.
Hertzian fracture can initiate if the stress intensity factor K at the tip of a pre-
existing crack (of length c) reaches a critical value given by the fracture toughness
K.. Using these assumptions, Zhang et al. (1990) derived the following expression

for the critical effective pressure P, at the onset of grain crushing:-

2

1-v° K 3 -3
P, =2.2( )3 = (opR)™2 (3.2)

Where, E is Young's Modulus, v is Poisson’'s Ratio, ¢ is the porosity, R is the
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Fig. 3.13: Schematic diagram of a grain contact between two spherical grains. F is the normal force
acting on the grain contact of two spherical particles which have radius R. o, is the maximum tensile
hoop stress (after Zhang et al. 1990).

grain radius, K.is the critical stress intensity factor and o = ¢/Ris the ratio of the

critical length to the radius of the grains.

It should be noted that, in the calculation of critical crack lengths using the derived
expression for critical pressure (Equation 3.2), Zhang et al. (1990) introduced
values of Young’'s Modulus for quartzite of 95.6 GPa. However, it is known from soil
mechanics literature, that Young’s Modulus for a sediment of rounded quartz grains
such as Ottawa sand ranges from 56-669 MPa, depending on whether the sand is
loosely or densely packed (Chan 1948, Lambe and Whitman 1979). If this Young's
Modulus for uncemented sand is introduced to Equation 3.2, the derived value of
the critical crack length would become considerably larger. For example, Lambe and
Whitman (1979) estimated a critical pressure of 28 MPa for uniaxially compacted
Ottawa sand. Using this data, and a Young’'s modulus for quartzite, Zhang et al.
calculated an initial crack length of 0.015 pum (Table 3.2). If the Young’'s Modulus
for a densely packed sample of Ottawa sand (Chan 1948, Lambe and Whitman
1979) is applied to Equation 3.2, the calculated dimension of the initial crack
length is determined as 11.14 um. This value is extremely large and the validity of
Zhang et al.’s model becomes questionable for uncemented sediments. In other
words, for Equation 3.2 to be valid for uncemented sediments, one must consider
them as aggregates of locked’ grains which do not undergo grain rearrangement
and act as a cemented sediment. A further problem with Zhang et al.’s equation

(Equation 3.2), is the value of the fracture toughness used. Ferguson et al. (1987)
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report the value of fracture toughness K, (0.31 MPam'/?) to be miscalculated and
suggest that a value of K, = 1.3 MPam'/? is more accurate. Using Zhang et al.’s
Equation 3.2, this revised value would further increase the calculated dimension of

the initial crack length by one order of magnitude.

However, Zhang et al.’s (1990) compiled data does show that the critical pressures,
for both cemented and uncemented sands, do scale with porosity and grain size
(Table 3.2). Zhang et al. 1990 found that a log-log plot of critical effective pressure
(P.,) versus the product of porosity and grain radius ($R) falls on a straight line with
a slope of -3/2 (Fig. 3.14). The experimental observations show that there is not a
unique pressure at which a porous rock or granular material initiates grain crushing
(Zhang et al. 1990, Wong 1990). The straight line in log-log space shown by Zhang
et al.'s (1990) compiled experimental data (Fig. 3.14) indicate that the critical
pressure, which marks the onset of grain crushing, is a function of the porosity and
grain size of a material (Zhang et al. 1990, Wong 1990). Thus, a general

relationship for critical pressure, porosity and grain size can be expressed as:-

10000 p——r—r—rrrrr——rT T ——T—T T ——T— g
@ Coarse sand (Lee and Farhoomand 1967) 1
A Ottawa Sand (Lambe and Whitman 1979) 1
¥ Ottawa Sand Zoback 1975) g
& Various sandstones (Zhang et al 1990)
1000 k& B Oughtibridge Gannister (Hirth and Tulis 1989) .

100

10:—

Porosity x grain radius (mm)

«me—— Theoretical prediction from Zhang et al (1990)

| Lo e
1000 10000

1 a2 2 gl a2l

1 10 100
Critical pressure (MPa)

Fig. 3.14: Compilation of experimental data on grain crushing pressure as a function of the product of
the porosity and grain radius on a log-log plot. The theoretical prediction of the Hertzian contact model is
shown by a straight line of slope -3/2. (After Zhang et al. 1990).
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P =A. (bR)*>? (3.3)
Where, A is a material constant.
3.3.8 Loading rate

Rumpf, Schonert and Stiep, from their work on fracture of single grains, have shown
that the mode of fracturing seen at a single grain scale is rate-dependent (Rumpf et
al. 1967, Rumpf and Schonert 1972, Stief 1976). On experiments with glass
spheres at low compression rates (< 0.1 mm/min), cone cracks evolve into
divergent (spalling) cone cracks which run to the free surface. At high compression
rates (= 0.5 mm/min), the cone cracks either proceed as convergent cone cracks
(onion peels) or form meridional cracks splitting the spheres in orange segment

shaped fragments (Figure 3.1).

At the sample scale, De Souza (1958) noted that, with compression tests on
various siliceous sands to 138 MPa, there was more extensive particle crushing in
tests in which the stress was applied more slowly. However, Brzesowsky’s (1995)
uniaxial K, compaction data (Section 3.3.1) show no significant effect of loading
rate when constant loading rates of 3.9, 282, 390, and 5495 MPa/hour were
applied. Brzesowsky suggests that the time-independent densification mechanisms
play no significant role on the time scale of applying the load. The absence of any
change in behaviour when samples are dry or wet indicates that pure frictional
compaction processes (particle sliding) play a minor role even at the fastest loading

rates.

3.4 Summary

There are a wide range of deformation mechanisms that operate in the environment
of the upper crust. These can be categorised in terms of whether the deformation
occurs intergranularly or intragranularly. Alternatively, deformation mechanisms can
be categorised with respect to time and described as either instantaneous (time-
independent) or creep (time-dependent) mechanisms. At low temperature and

pressure upper crustal conditions, time-independent mechanisms include frictional
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grain boundary sliding, elastic deformation and fast-propagating fracture
mechanisms. Under the same conditions, time-dependent mechanisms include
slow-propagating fracture mechanisms and diffusive processes such as pressure
solution. Identification of these mechanisms is difficult, as some of them leave little
or no microstructural evidence of their operation. This is especially true of frictional

grain boundary sliding and elastic deformation, where the grains are undeformed.

The environmental and lithological factors at play have a great influence on the
mechanisms and mechanism associations that operate in deforming sediments.
The above cited previous work has shown that lithological factors such as grain size,
grain shape, sorting, porosity and mineralogy all effect deformation. In addition,
stress magnitude has been shown to be equally influential. However, the effect of
pore fluid chemistry and loading rate is more debated with some studies showing
there is a definite effect (e.g. Bhattacharyya and Friedman 1984, Rumpf et al.
1967) and others not (e.g. Kageson-Loe 1993, Brzesowsky 1995).

It is generally accepted that decreased intrinsic grain strength increases the
compressibility of a sediment (Borg et al. 1960, Zoback and Byerlee, 1976, Lambe
and Whitman 1979, Lee and Farhoomand 1967, Vesic and Clough 1968, Lade et
al. 1996, Renner and Rummel 1996). Previous work has also shown that an initial
high porosity increases the compressibility of a sediment (e.g. De Souza 1958, Hite
1989, Renner and Rummel 1996). However, the effect of grain size is less clear
and appears to vary with the deformation mechanism that is operative. Several
workers have shown that an increased median grain size in a sediment leads to
increased particle crushing, under conditions of both uniaxial K, compression (e.g.
DeSouza 1958, Hagerty et al. 1993) and triaxial shear (Renner and Rummel 1996).
Importantly, Brzesowsky (1995) has shown, from theoretical modelling, that this
grain size effect could be due to a grain size dependent departure from sphericity
(Section 3.3.1). Conversely, investigations of pressure solution have shown that
pressure solution increases with decreasing grain size (Houseknecht 1984). This
can be explained by the low diffusion path length found in fine-grained sediments
(Knipe 1989).

The work of Brzesowsky (1995) has already indicated the important influence of
grain shape on deformation. In agreement with Brzesowsky (1995), Frossard (1979)
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also showed that the degree of sphericity of the sediment particles influences the
amount of volume strain attained by that sediment. He found that the maximum
dilatancy rate increases with increasing sphericity. In addition, with spherical grains
such as ooids, he found it impossible to attain a sample with an initial porosity
large enough that dilation would not occur during straining. In addition, it is generally
recognised that increased grain angularity increases the compressibility of an
aggregate (e.g. De Souza 1958, Kjaernsli and Sande 1963, Frossard 1979, Hagerty
et al. 1993).

Sorting is another lithogical factor that is known to influence sediment deformation
(e.g. Fruth 1966, Bhattacharrya and Friedman 1979, Pittman and Larese 1991,
Thevanayagam 1998). Well-graded sands exhibit less crushing than poorly graded
sands, at a given stress (Hall and Gordon 1963). In addition, sediments which are
mud-supported tend to exhibit less grain crushing when compared with sediments
that are grain-supported, under the same conditions (Fruth 1966, Bhattacharrya and
Friedman 1979, Pittman and Larese 1991). This phenomenon is attributed by Fruth
(1966) and Bhattacharrya and Friedman (1979) to be a consequence of a

cushioning effect from the fines present.

The effect of pore fluid chemistry on intact chalks at low effective pressures is well
documented. Studies have indicated considerable enhancement of the subsidence
in the chalk reservoirs of the North Sea as a direct result of seawater injection
(Leddra 1990, Loe et al. 1992, Kageson-Loe 1993, Piau and Maury 1994). Studies
on particulate sediments have also shown this instantaneous pore fluid effect (e.g.
Bhattacharyya and Friedman 1984). However, other experimental studies have
shown that the effect of the pore fluid chemistry is negligible on the time-
independent uniaxial K, compression (to 30 MPa effective stress) of sediments
(Kageson-Loe 1993, Brzesowsky 1995). In view of this, there is a need for more
research into the effect of pore fluid chemistry on the low effective stress

deformation of particulate sediments.

There is a significant body of research which has experimentally investigated the
effect of increasing stress magnitude on quartz sands, particularly at stresses
below 100 MPa (e.g. Terzaghi 1925, Botset and Reed 1935, DeBeer 1963, Vesic
and Clough 1968, Lambe and Whitman 1979). This research has shown that
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particle crushing is negligible below 7 MPa (Lambe and Whitman 1979) and
decreases drastically above 98 MPa (DeBeer 1963). It has also been demonstrated
that particle crushing becomes substantial at approximately 15 MPa but then

decreases progressively above 34 MPa (DeBeer 1963, Vesic and Clough 1968).

Thus, the stress at which crushing of granular material commences can vary
significantly. This stress has been termed the ‘critical pressure’ (e.g. Hagerty 1989,
Wong 1990, Zhang et al. 1990). Using results from various workers, Zhang et al.
(1990) showed that there was not a unique critical pressure for a granular material,
and that the critical pressure scales with the product of the porosity and the grain
radius. Zhang et al. (1990) modelled this behaviour using Hertzian fracture
mechanics theory. However, their findings showed that if the sample consisted of
uniform sized spheres with a regular packing configuration, then the critical pressure

was not dependent on the grain size or porosity.

It has also been shown that different loading rates can alter the mode of fracture of
a singularly loaded grain (Rumpf et al. 1967, Rumpf and Schonert 1972, Stief
1976). However, Brzesowsky (1995) reports no effect on deformation of loading
rate in the uniaxial K, compression of quartz aggregates. These results could
indicate that grain fracturing is a rate-dependent process but frictional grain

boundary sliding is not.

In view of the above mentioned previous work, there is an obvious need for more
systematic investigations into the environmental and lithological controls of
sediment deformation. Brzesowsky (1995) has recently completed such a study
using quartz sands, deformed at low effective stresses up to 30 MPa, under
conditions of uniaxial strain. However, deformation may also be complicated by the
stress path taken by a sediment and the length of time a sediment is subject to a
particular stress regime. For this thesis, experiments of both uniaxial K,
compression and triaxial compression provide data for oolitic sands at low effective
stresses (7-60 MPa). These experiments are designed to provide a systematic
investigation of the effect of stress magnitude, pore fluid chemistry and grain size
on the deformation characteristics of oolitic sand. This work, in conjunction with
previous work on oolitic sands (Section 1.2, Fruth 1966, Bhattacharyya and
Friedman 1979, 1984, Ferguson et al. 1984, Watt 1987 and Fleming 1992), will
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provide a more complete understanding of the deformation characteristics of oolitic
sands. As a further part of this study, uniaxial K, compression creep tests are
undertaken in order to investigate the time-dependence of the deformation
characteristics of oolitic sand. These results are presented in Chapter 7, along with

a review of previous investigations into the creep behaviour of sediments.
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Chapter 4

Experimental apparatus,
variables and materials

4.1 Introduction

Overviews of experimental work on oolitic sands to date (Chapter 1), sediment
deformation theory (Chapter 2) and the environmental and lithological controls of
deformation (Chapter 3) have been presented in the preceding chapters. These
chapters have shown that interesting and important results have arisen from
previous investigations into the compaction of oolitic sands (e.g. Fruth et al. 1966,
Bhattacharrya and Friedman 1979, 1984, Ferguson et al. 1984, Watt 1987 and
Fleming 1992). However, although controlling factors such as grain size, pore fluid
type and stress magnitude have been shown to be important (Section 3.3, Fruth et
al. 1966, Bhattacharrya and Friedman 1984) they have not been systematically
investigated. In addition, no significant work has researched the effect of time-

dependence or differential stress on the deformation characteristics of oolitic sand.

This study aims to investigate systematically the effect of grain size, pore fluid
chemistry and stress magnitude on the time-independent (short-term) behaviour and
time-dependent (creep) behaviour of oolitic sands undergoing simulated burial
diagenesis (uniaxial strain). An investigation of the effect of grain size, pore fluid
chemistry and stress magnitude on the time-independent (short-term) behaviour of
oolitic sands under conditions of differential stress or shear deformation (triaxial
strain) is also undertaken. From these experiments, it should be possible to
determine the deformation mechanisms or deformation mechanism associations

which are operative as a result of the environmental conditions at play.

112



This chapter describes the types of experiments, the experimental materials,
variables, apparatus and analytical techniques needed to achieve these

experimental goals.

4.2 Test materials

Ooids are highly rounded and uniform carbonate grains, from 0.2 to 2 mm in
diameter, which form on the sea bed in predominantly sub-tropical shallow water
environments. Sediments which are composed of such grains are called oolites. The
homogeneous grain morphology of these sediments allows good control on grain
shape when considering sedimentary fabrics both before and after deformation and
it is for this reason that they were chosen as the experimental material for this
study. In addition, ooids are carbonate grains which provide an ideal material for
laboratory simulation of diagenesis: dissolution and precipitation of the mineral
material is generally far more pronounced than in siliceous sediments and early
cementation strengths can develop after relatively shallow burial and in relatively
short times (Ginsburg 1957, Friedman 1964). However, some workers (e.g.
Ginsburg 1957) have found that this early cementation only occurs after the
sediment has been removed from the marine environment and that unlithified oolitic
sediments have been found at considerable depths. It is possible to reproduce this
continuous burial path, which occurs in nature, in the laboratory, thus, enabling us
to increase our understanding of the processes of deformation in unlithified

sediments.

Oolitic rocks occur in abundance in the rock record where they are often found as
host rocks for oil and gas deposits e.g. the oil fields of Kuwait. This also makes
them an economically important material to study, particularly with regards to
reservoir development problems and understanding the environmental controls of

compaction.

The internal structure and mineralogy of ooids are known to vary considerably in
different localities. A brief description of these distinctions is given here, along with
some of the current hypotheses on their mode of formation. This is followed by an

account of the localities sampled for this study and a description of the ooids
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collected, including their mineralogy and internal structure.

4.2.1 The formation of ooids

Ooids are known to exist with an aragonite, magnesian calcite or calcite
composition. They have also been observed with a variety of internal structures
which surround a central nucleus which is non-oolitic in origin. These nuclei are
commonly shell fragments, peloids and quartz or feldspar detritus. The internal
structures can have a radial or concentrictangential (laminated) appearance
depending on the arrangement of the calcium carbonate crystals (Fig. 4.1).
Alternatively, they can also be completely micritic in form. However, most modern
ooids are either aragonitic with a laminated structure or are composed of high-
magnesian calcite with a radial structure. The laminated structure is by far the most
common and is seen in abundance in the rock record where, however, they are
found to be generally composed of calcite. This is probably because aragonite is
only meta-stable at atmospheric pressure and temperature and undergoes

paramorphic replacement by calcite, the more stable polymorph of CaCO;, during

diagenesis.

Ooids are now believed to be of non-biogenic origin and consequently, represent one

of the most important modes of non-biogenic removal of CaCO; from the ocean

Aragonite laths arranged tangentially Aragonite laths arranged radially
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Fig. 4.1: Schematic diagram showing the internal structure of ooids with tangentially arranged aragonite
laths and radially arranged aragonite laths.
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(Morse and Mackenzie 1990). From the literature, the theories which have been
concerned with the process of formation of ooids can be grouped into three classes:
bacterial-nechanical; algal; chemical:-

I. Bacterial-mechanical formation hypothesis (‘Snowball’ hypothesis): Sorby, in

1879, was the first to suggest this mechanism and likened it to the process by
which a snowball Is formed. In his model, an organic coating is deposited on the
nucleus (e.g. shell fragment) during quiescent marine periods. During consequent
agitated periods, this nucleus is rolled around on the sea bed by wave action and
aragonite needles become embedded in the organic matter. This process is
repeated with alternating tranquil and agitated times, thus, ever increasing the
size of the ooid. Although, this model offers a non-chemical explanation of the
formation of CaCo; onto the ooid surface, it does have a few problems. Firstly, it
clearly does not explain the radial structure found in some ooids. Secondly, it
fails to explain the excellent sorting in grain size and the tangential arrangement
of the aragonite rods. It is also thought unlikely that the organic coatings would
withstand the high energy environments associated with ooid production (Morse
and Mackenzie 1990).

Il. Algal formation hypothesis: This hypothesis was in favour during much of the
early part of this century, with the association of marine algae with ooids being
observed as early as 1890 (Wethered). The algal formation theory generally
became discarded when it was discovered that most of the algae found in ooids

are boring types and thus, cause dissolution not precipitation.

lll. Direct chemical formation hypothesis: Link, in 1903, produced experimental data

which supported the direct chemical hypothesis and there has been further
experimental and observational data produced which has supported it since.
Stable isotope work (e.g. Land et al. 1979) also supports this non-biogenic
mechanism. However, this hypothesis fails to explain the internal structure of

non-radially organised ooids and the presence of organic lamellae.
There are also more recent hypotheses which draw on a combination of these three

mechanisms, including a more refined version of the direct chemical formation
hypothesis by Bathurst (1967, 1975). His ideas account for the tangential
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arrangement of aragonite laths and also for the general size and sorting of grains.
Under certain conditions, he found that aragonite grains will nucleate onto a surface
with their ccrystallographic axis parallel to that surface, with this being the most
stable arrangement. Also, in disagreement with some theories, Bathurst (1975)
found no correlation between the degree of water agitation and the orientation of
the needles. However, Bathurst (1975) did observe that the size and sorting of the
ooids is related to the degree of agitation of the sea water with larger ooids forming

in more energetic environments.

4.2.2 Ooids sampled: Descriptions and localities

The Trucial Coast of the Persian Gulf is a classic area for modern carbonate
sedimentation. Indeed, it is one of the few places in the world in which ooids are
forming today. Within the Abu Dhabi region of the Trucial Coast oolitic sands are
forming in a variety of settings (Fig. 4.2) including lagoons, basin centres and
spectacular tidal deltas with adjacent barrier islands and aeolian dunes. This latter
environment is the principal site of modern ooid formation within the Persian Guif
(Loreau and Purser 1973} and it is from these environments that oolitic sand was

collected for this project.

Adjacent to Abu Dhabi Island lie a series of barrier islands which are separated by
channels several kilometres in width and up to 10 metres in depth. These channels
are flanked with seawards trending deltas of oolitic sand. The ooids within these
deltas attain maximum size (up to 2mm) along the edges of the axial channel and
decrease in size towards the outer fringes of the delta (Fig. 4.3) where there is less

water agijtation (Loreau and Purser 1973).

Figures 4.4 and 4.5 identify the sampling locations for this project. Figure 4.4 is a
1andsat’ image of the Abu Dhabi area, showing the oolitic deltas, whereas, Figure
4.5 is a map showing the general sedimentary environments of the area. Ooids
have been collected from two different oolitic deltas, Sadiyat Delta and Al Bahrani
Delta, and from an oolitic dune complex on the barrier island of Sadiyat. The
following sections describe these samples. The scanning electron microscopy,
optical microscopy and x-ray diffraction methods used to determine the morphology,

structure and bulk chemistry are given in Section 4.6.
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The proportions of different grain types found in each of the unsieved samples are
shown in Figure 4.6. The data was collected by point counting grains from a thin-
section made of each sample, as described in Section 4.6. The bar charts show
that each sample is very similar in its constituents, with round ooids composing at
least 45% of all grains for each case. However, the Al Bahrani Delta oolitic sand
does contain a higher proportion of elongate grains (both in ooids and superficial
ooids), than is seen in the other two samples (Fig. 4.6). In addition, the sample
contains only 2.6% of peloids. From this, it can be said that the Al Bahrani Delta

sample is relatively more shelly than the other samples.

4.2.2.1 Al Bahrani Delta ooids

The Al Bahrani Delta lies south-west of Abu Dhabi Island and is situated between
the barrier islands of Abu Dhabi and Al Bahrani (Figs. 4.4 and 4.5). Unfortunately,
considerable dredging and the building of barrier walls in this area has greatly
reduced the size of the delta and probably the size of the ooids forming. The

samples were collected in a water depth of approximately 1.5 metres.

The photomicrographs in Figure 4.7 illustrate different aspects of Al Bahrani Delta
ooids. These images show the sediment in its unsieved natural state with very well-
sorted ooids 200-400 um in diameter (Fig. 4.7(a)) and some shelly fragments of a
predominantly larger size. Because of this size difference, some of the shell
fragments are extracted by sieving, thus, giving a more homogenously grain-sized
material. The ooids themselves are highly rounded and spherical to ovate in shape
(Fig. 4.7(a)) with their nuclei consisting of a mixture of peloids and shell fragments,
the latter being the more common of the two. These nuclei are approximately 100-
150 pum in diameter and are enclosed by cortices of aragonite which accumulate to
a thickness of around 50 um (Fig. 4.7(b)).

The surfaces of these ooids generally appear very well polished. However, pitting
and borings are present in degrees varying from negligible to approximately 10% of
the visible surface area (a typical grain surface can be seen in Figure 4.7(c)). At
higher maghnification, these grain surfaces can be seen to consist of an outer cortex
of tangential haphazardly arranged blunted aragonite rods of 1-2 um in length (Fig.
4.7(d)).
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X-ray diffraction analysis of the bulk chemistry gave weight percentages of aragonite
as 84.9 £ 4.3 % and calcite as 15.1 + 1.6 %. This was determined to be a low Mg

calcite.

4.2.2.2 Sadiyat Delta ooids

Sadiyat delta lies 14 km to the north-east of Abu Dhabi Island and is situated
between Sadiyat and Gharab Islands (Figs. 4.3, 4.4 and 4.5). Here, the ooids are
much larger than those of Al Bahrani Delta, being up to 2 mm in diameter close to
the axial channel (Fig. 4.3). Samples were collected adjacent to the axial channel in
depths of water up to 2 m. The currents here were very strong and caused the

sampling of these ooids to be particularly difficult.

The ooids collected range in grain size from approximately 400 to 800 um in
diameter (Fig. 4.8(a)). They are well-sorted in the natural unsieved state and are
also well-rounded. They appear to be generally more spherical than the ooids of Al
Bahrani and this is probably due to a thicker cortex of 150-250 um being seen in
these grains (Fig. 4.8(b)). The nuclei are again a combination of peloids and shelly
fragments but the shell nuclei are found in larger numbers. The grain surfaces (Fig.
4.8(c)) are more commonly and more extensively pitted and bored than those of the
Al Bahrani ooids (Figure 4.8(c)). They are also very different in appearance at high
magnification with the aragonite particles being generally anhedral to subhedral sub-
spheric nano-grains. However, remnant blunted aragonite rods can be seen in the

sub-surface of the outer cortices (Fig. 4.8(d)).

From Figure 4.6, the sample of Sadiyat Delta ooids shows the highest proportion of
rounded ooids compared with the other samples and a simultaneous lower
proportion of peloids. The Sadiyat Delta ooids are generally larger, and hence, more
mature than Sadiyat Island and Al Bahrani Delta ooids and this probably accounts

for the increase in 0oids and decrease in peloids seen
X-ray diffraction analysis of the bulk chemistry gave weight percentages of aragonite

as 92.3 £ 3.3 % and calcite as 7.7 £ 0.9 %. This was also determined to be a low

Mg calcite.
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4.2.2.3 Sadiyat Island ooids

Ooids were collected from the oolitic dune complex on the north-western tip of
Sadiyat Island (Figs. 4.3, 4.4 and 4.5). These are aeolian deposits, which form
dunes of up to 6 m in height, and are almost certainly derived from the Sadiyat
Oolitic Delta.

Sadiyat Island ooids are petrologically very similar to those collected from the sea
floor in the Sadiyat Delta (Fig. 4.9). However, the grains are smaller and, when
sieved, predominantly fall in the 300425 um grain size fraction (Fig. 4.9(a)). The
ooid outer cortices again consist of sub-spheric aragonite crystals with occasional
short (500 nm) subhedral rods found in places (Fig. 4.9(d)). X-ray diffraction analysis
of the bulk chemistry gave weight percentages of aragonite as 93.8 + 3.3 % and

calcite as 6.2 + 0.8 %. This was also determined to be a low Mg calcite.

4.2.4 Sample preparation

Uncemented oolitic sand collected from the sea floor was stored in plastic bags at
4°C until required. The sand was then washed several times in distilled water and
rapidly dried at room temperature using a fan. Storage at low temperatures and
rapid drying at room temperature is necessary in order to minimise wet
transformation of aragonite to calcite. Numerous workers, e.g. Fyfe and Bischoff
(1965) and Taft (1967), have shown that increased temperature greatly increases
the wet transformation of aragonite to calcite (Fig. 4.10) with transformation to
calcite being complete in 28 hours at 100°C. However, once the material is dry, at
temperatures of 100 °C and below, this reaction can take tens of millions of years
to complete (Fyfe and Bischoff 1965). All samples collected and used for this test
programme have a pre-test bulk chemistry of 84.9-93.8 % aragonite, as determined

by X-ray diffraction analysis (see Table 4.1).

After drying, the uncemented oolitic sand was sieved into different grain size
fractions, as described by BS1377: Part 2: 1990. This established the sorting of
the sediment collected and gives a good control on grain size prior to deformation of

a sample. Results of this grain size analysis are given in Section 4.4.3.
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Fig. 4.10: Rate curves for wet transformation of aragonite to calcite at different temperatures (after Fyfe

and Bischoff 1965 and Taft 1975)

Sediment collected Aragonite weight percent Calcite weight percent
Al Bahrani Delta ooids 849143 151+1.6

Sadiyat Island ooids 93.8+ 3.3 6.210.8

Sadiyat Delta ooids 92.3+3.3 7.7+0.9

Table 4.1: Weight percentages of aragonite and low Mg calcite as determined by x-ray powder diffraction.

4.3 Types of test

Three different types of experiments have been used in this study, with each test
type describing a different aspect of the mechanical behaviour of the sediment.
These are uniaxial K, compression tests, undrained shear tests and constant stress
creep tests. The combined data generated from these experiments will give a broad
insight into the time-independent and time-dependent mechanical behaviour of
oolitic sands. The theory relating compression, shear and creep deformation to their

geological analogues has been described in Chapter 2 (Section 2.4).
Uniaxial K, compression simulates the instantaneous burial of a sediment (Section

2.4.3). The stress regime changes constantly until the maximum effective stress

maghnitude is reached, at which point the test is terminated. Constant stress creep
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tests are similar to uniaxial K, compression experiments in that the sediment
follows a simulated burial loading path, under conditions of no lateral strain.
However, the sample is held at a constant load, allowing time-dependent
deformation to occur. Hence, uniaxial K, compression experiments and uniaxial
constant stress creep experiments simulate the time-independent and time-

dependent deformation, respectively, of a sediment undergoing burial.

Time-independent shear deformation occurs under conditions of differential stress
such as those found under a tectonic deformation regime or when sediments are
involved in mass movements, such as slumps and diapirs (Section 2.4.2). In this
study, shear deformation is simulated under undrained conditions. In nature,
undrained loading occurs when a body of sediment is confined below a layer of fine-
grained and impermeable material such as a mud, thus, essentially preventing
drainage from the sediment body. Although both drained and undrained shear
deformations occur in nature, from the experimental standpoint it is often more
advantageous to study shear deformation under undrained conditions. Under
undrained conditions, the effective stresses are reduced as a result of excess pore
fluid pressures. Hence, failure of the material is attained more readily than would be

seen under drained sample conditions.

Chapters 5 and 6 present the time-independent deformation studies of oolitic sand,
under uniaxial K, compression and undrained shear conditions. Time-dependent
deformation constant stress creep studies are presented in Chapter 7. Each of
these chapters present a summary of previous work, the experimental programme,

techniques, results and a discussion.

4.4 Experimental variables

It has already been shown in Chapter 3, that environmental and lithogical controls
can have significant effects on deformation (Section 3.3). In order to investigate
such effects, variables must be systematically introduced into the experimental
programme. For this study, the effects of stress magnitude, pore fluid chemistry and
grain size on the rate and extent of deformation are all investigated. To accomplish

this, each one of these factors is in turn varied whilst the others remain constant.
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However, as is well known from the literature, porosity can also have a marked
effect on deformation (Section 3.3.3). Sediment porosity can vary from sample to
sample as a consequence of sample preparation. Hence, this ‘variable’ is inherent
in the data due to the particulate nature of the test materials and any discussion of

results must, therefore, consider its effect.
4.4.1 Effective stress magnitude

Three axial effective stresses have been used in this study to give a well spaced
range of equivalent simulated burial depths at which unlithified sediments can be
found in nature. The effective stresses used were 7, 32 and 60 MPa, relating to
approximately 430, 1800 and 3200 m burial depth respectively. These depths were
calculated using Equation 2.4, which shows how porosity is related to stress for a
porous sediment (see Section 2.3.1). Samples used in this study consist of loose
uncemented ooids and, for these, there can be a range of porosities produced in
the setting up of the sample prior to testing. The burial depths calculated from the
porosities and axial effective stresses of all samples are given in Table 4.2 below.
As the variation in initial porosity affects the magnitude of the calculated burial
depth, the depth values given in Table 4.2 represent mean depths, with the
percentage errors accounting for fluctuations in vertical effective stress and

variations in porosity.
4.4 .2 Pore fluid type

Sea water, rain water and an inert hydrocarbon are the pore fluid types used for the

experiments presented here. These are all fluids which can be found naturally

Vertical effective stress (MPa) Burial depth (m)
60+2% 3200+ 3%
32+3% 1800+ 6 %

7+5% 430t4 %

Table 4.2: Axial effective stresses used for all test types in this project and their equivalent burial
depths. Error values reflect the fluctuations in the effective stress and porosity values.
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occurring in oolitic sediments and are, therefore, important fluids to study. Sea
water provides the natural environment for ooid formation. In addition, it is
employed in water injection methods used to increase production in carbonate oil
reservoirs (Chapter 3). Rain water can be found as the pore fluid in recently
deposited sediments in the meteoric zone. This zone includes both oolitic sands
which have become sub-aerially exposed and sands which are the resuit of aeoclian
deposition on adjacent land, such as the Sadiyat Island ooids collected for this
project. Finally, hydrocarbons can be found in oolitic sediments where the latter act

as source and reservoir rocks.

The sea water used in this study is simulated North Sea water with a pH of 8.3
(Leddra 1990). The rain water is also simulated, consisting of de-ionised water and
nitric acid to form a solution of pH 5.5. Exxsol-D60, produced by Exxson Chemicals
Ltd., is the hydrocarbon used for these tests. It is a clear colourless liquid with a
density of 0.787 gem® at 15°C and a kinematic viscosity of 1.64 x 10° m%s* at
25°C. It is an inert hydrocarbon at the temperature and pressure conditions used
for these experiments and can be considered to be the control fluid. More detailed
specifications of these fluids can be found in Appendix 1. In addition, Table 4.3

shows the experimental nomenclature of the fluids used in this study.
4.4 .3 Initial grain size distribution

The environment of deposition can influence the maximum size to which ooids grow,
with high energy environments generally producing larger grains and more tranquil
settings yielding smaller grains. As oolitic sands are generally very well sorted, it
was necessary to collect samples from three different localities within the Persian

Gulf with each sampling locality yielding a different predominant grain size (see

Pore fluid type Experiment code letter
Inert hydrocarbon (Exxsol D60) H
Simulated rain water R
Simulated sea water S

Table 4.3: Code letters for pore fluids used in the experimental nomenclature.
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Section 4.2.2). This enabled the effect of different initial grain sizes on the
compaction of oolitic sands to be investigated as part of this study. The grain size
distributions for the three oolitic sands collected are presented in Figure 4.11 and
Table 4.4. These values were determined by calculating weight percentages of each
grain size. This was achieved by dry-sieving the sediments using a mechanical
shaker and sieving techniques as specified in BS1377:1990 and then weighing the
grains retained in each sieve. The sieve mesh sizes used were 2.00 mm, 1.18 mm,
850 um, 600 pm, 425 pm, 300 pm, 212 pm and 150 pm.

The graph in Figure 4.11 shows that each sediment is very well-sorted with only a
limited spread of size around the mean. This is particularly true for Al Bahrani Delta
ooids where 89 % of the grains were retained in the 212 um mesh sieve. For
Sadiyat Island ooids, the predominant grain size is 300 um, with 44 % of grains
being retained, and for Sadiyat Delta ooids this is 425 um, with 40 % of grains
being retained. The dominant grain size from each sediment type were the samples
used for the experiments presented in this thesis. For ease of experimental
nomenclature, they have each been assigned a code letter as indicated in Table
4.5,

BS1377 | Al Bahrani Delta ooids Sadiyat Delta ooids Sadiyat Island ooids
Sieve % grains | cumulative | % grains | cumulative | % grains | cumulative
mesh size | retained | % passing | retained | % passing | retained | % passing
1.18 mm 0.1 99.9 4.6 95.4 0.1 99.9
850 pm 0.0 99.9 6.4 89.0 0.2 99.7
600 pm 0.0 99.9 35.5 53.5 1.0 98.7
425 pm 0.3 99.6 39.7 13.8 20.8 77.9
300 um 2.2 97.4 11.3 25 44.3 33.6
212 pm 88.7 8.7 1.9 0.6 16.1 17.5
150 pm 3.8 4.9 0.5 0.1 9.0 8.5
<150 um 4.9 0 0.1 0 85 0

Table 4.4: Calculated percentages of the number of grains retained in each sieve size and the
cumulative percent passing, for Al Bahrani Delta oolitic sand, Sadiyat Delta oolitic sand and Sadiyat
Island oolitic sand.
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