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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 Kq 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.

i

Results show that the deformation characteristics of oolitic sand are most strongly 

influenced by the effective stress magnitude. Deformation behaviour during Kq 

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 particulate 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 at al. 1995) and the 

compaction of hydrocarbon reservoir rocks resulting from production processes 

(Zoback and Byerlee 1976, Jones and Mathieson 1993, Donaldson at 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 at 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 chemicai 

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, Fleming 1992). Thus, apart from their intrinsic importance, 

carbonate sediments ai so 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 caicium carbonate polymorph aragonite precipitates out 

of seawater, which is supersaturated with calcium carbonate, in shaiiow water sub

tropical environments. The aragonite laths precipitate onto a nucieus, 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 ooiitic 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 

iarge body of theoreticai and experimental work which has modelled the deformation 

of artificial spherically-grained materials, such as glass beads (e.g. Rumpf at al. 

1967, Rumpf and Schonert 1972, Stiep 1976, Gallagher 1974, Shipway and 

Hutchings 1993, Hagerty at al. 1993). Ooids are a naturaily occurring sphericaliy- 

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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(a)

Fig. 1.1: Photomicrographs of cemented oolitic sand from Joulter’s Cay, Bahamas. Photograph (a) 
shows the whole grains and the intergranular cement; Photograph (b) shows the texture of the ooid 
surface. This is composed of tangentially arranged aragonite laths 1-2 pm in length. Samples are 
courtesy of Gerald Friedman.
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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 Fleming 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, well-rounded 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 

(Rg. 1.2 and Table 1.1). Conversely, independent increases in temperature resulted
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Fig. 1.2: Schematic diagram showing the types of deformation textures found in oolitic sands (adapted from Coogan 1970 and Ayer 1971).



Test conditions Compaction (%) Type of grain contact Mode of grain breakage (%)
Pore fluid Buik Concavo-

M  =  marine Temp. Pressure Volume initial Final Porosify convex/ Diagonally

No, 0  =  distiiled rc) (MPa) Reduction Porosity Porosity Reduction Point Longitudinai Sutured Undeformed Crushed Buckled Spiit Spaiied Fractured

0 Dry 20 - - 40.2 - - 100.0 - - 100.0 - - - - -

1 M 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 45.5 39.1 19.8 10.2 6.3 1.6 42.4 19.5

3 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 2.9 3.5 42.6 21.3

5 M 150 131 21.2 40.2 24.0 40.2 16.3 52.9 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 2.5 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 Aplastic 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 *̂, 

SO/' and PC/' ions found in seawater which act as CaCOs 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 (Rg. 1.3).

At low temperatures and low stresses, there has been relatively little experimental 

investigation of oolitic sand diagenesis. Reming (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. Rndings 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 COg partial pressures and a temperature of 5°C (from Plummer 1975).
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Increased mud content resulted In a decrease In the proportion of spalled grains 

(Fig. 1.2). Buckled and faulted grains (Rg. 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 prellthlflcation deformation of ooids In a carbonate 

sediment Is not found to be homogeneous. However, this Is generally thought not to 

be the case In llthlfied 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 llthlflcatlon.

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 llthologlcal 

controls of oolite diagenesls. 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:-

• 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 

diagenesls (uniaxial strain).

• 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 (triaxlal strain).
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• To determine the deformation mechanisms which are operative and the 

deformation mechanisms which are dominant as a result of the environmental 

conditions.

• 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 undralned triaxlal (shear) 

deformation. Both sets of results are described In terms of the effect of stress 

magnitude, 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, Kang 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 geolo^, 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 at al. 1988, Leddra 1990, Schutjens at 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 (a) 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:-

a  -  u, (2.1)

Where, a ' is the effective stress, a  is the total stress and 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

cj = pgh (2 .2)

Where, a  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:-

a , (2.3)

Where, is the total vertical stress and g ' |s 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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Rg. 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, (ov is the vertical total stress component, is the 
horizontal stress component and u is the pore fluid pressure).

Vertical stress, (MPa)
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Pore fluid density (p̂ ) < bulk sediment density(p^) 

Therefore, pore fluid pressure < total vertical stress
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Rg.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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100 — (D . O 
'^‘ = ^ 5 0 “ ^"’^'’ ^ <2.4)

Where,  ̂ is the porosity of the sediment, is the density of the mineral particles 

and pf 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 ((J)) of 40%. The ooids are comprised of aragonite with a density (/?J 

of 2940 kgm  ̂whereas, the pore fluid, if water, would have a density (p,) of 1000 

kgm .̂ The total vertical stress (crj acting on a unit of sediment, at a depth h and 

taking g  as 9.81 ms ̂ , would be approximately:-

RO
= I  X 2940 X 9.81 x h

"  '.100 -I-
40

X 1000 X 9.81 X h
100 ■ J (2.5)

a , = 17305h + 3924h (26)

Therefore, Oy = 17305/7 Pa and u, = 3924/? 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 at 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:-

Aa’ = Aa -  f l  -  Au  ̂ (2.7)
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Where, Act' is the change In effective stress (Pa), Act Is the change In total stress 

(Pa), AL/f Is the change In pore fluid pressure (Pa), 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 Terzaghl'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 

quartzlte.

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

Material

Compressibility (rrfm^ X  ICri)

Cm/CC Cm

Quartzlte 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 (pore water 
compressibility) = 480 x 10® m̂ kN'̂  (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 Terzaghl’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 Terzaghl’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 geotechnicai 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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Rg, 2.3: Schematic diagram showing the spring and piston analogy of the principle of consolidation (modified from Taylor (1948). Refer to text for explanation.



If a weight of 200 N Is applied to the piston (Rg. 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 (Rg. 2.3(c)), 

the water can escape and the load Is progressively transferred to the spring as the 

piston sinks (Rgs. 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 (Rg. 

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 Blot 

(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, do,
= (2-8)
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Where, is the excess pore pressure, t is the time, is the total vertical stress 

and zis the depth. Q is the coefficient of consolidation and is given by:-

Cy = PfC/K (2.9)

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

of the sediment and Pf 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. Kang and Hou 1992, Kang 

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 expulsion 

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: a 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 c 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: a ,̂ Og and 03 

(Atkinson and Bransby 1978). Thus, we can define a total stress space with 

principal stress axes a ,̂ ag and 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 a i’,ag’ and 

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 (c )̂ and shear stress (r) 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 (<Jn) 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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a

Fig. 2.4: Stress (a) space, defined by coordinates Oj, O; and a ,̂ showing an instantaneous state of total 
stress.

► a,

Fig. 2.5: Graphical illustration showing a general state of stress in Mohr space. Normal stress (a) is 
plotted along the x-axis with shear stress (t ) being plotted on the y-axis.
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If only a two-dimensional 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, f) of its apex M  (Fig. 2.6). Where t is 

the radius of the Mohr circle, and is equivalent to the maximum shear stress 

magnitude, 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):-

5  = 1 (0 1 -1- 0 3 ) (2 .1 0 )

t = i ( a i - a 3 )  (2-11)

Thus, changes In the stress state observed during deformation can be represented 

by plotting the path of M  in two-dimensional s and t stress space. Similarly, 

changes in effective stress state can be described by plotting M ’ in s ’-V space, 

where :-

s ' = ^ ( o i - 1 - O 3 )  (2.12)

t ' = i ( o l - o ' )  (2.13)

Where, o^ is the greatest principal effective stress and a 3 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 M  stress space

If the three principal stresses (a ,̂ Og and 03) 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 = 3 (<̂ 1 + <̂ 2 + <̂ 3) (2.14)

9 =  Æ [('^1  -  O î f  +  (0 2  -  0 3 ) %  (0 3  -  a j ' (2.15)
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Fig. 2.6: Graphs showing an Instantaneous state of stress In (a) Mohr space and (b) s-t space.
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Fig. 2.7: Graphical illustration of fyq 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' = 3 (^1 + <̂ 2 + C3) (2.16)

+ ( a 3 - a i ) j  (2.17)

Where, p' = p - u  (2.18)

9 = 9  (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 (Rg. 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 f 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'-q’ 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. > Gg = Gg, then the 

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

p ' = j ( a i  + 203) (2 .20)

q' = -  O3 (2.21)

And for total stresses:-

P = ^(<^1 + 203) (2.22)

q = -CT 3
(2.23)
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It should be noted that for the special case where > Oj = ^ 3 , 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 Kq 

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 slow 

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

Pore
pressureEBp (/>

Vertical effective 
stress Time

Primary
compression

Theoretical

Actual Secondary
compression

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 at 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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Fig. 2.9: Time curve for a typical load increment on sand, showing that secondary compression is 
completed rapidly (from Taylor 1948).
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Fig.2.10: Typical compression-time curve for a high stress consolidation test. The graph shows that 
compaction is continuing even after 24 hours (from Roberts 1964).

56



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. = Og = c^).

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 = tari(|) 4- c (2.24)

Where, x is the shear stress, is the normal stress, c is the cohesion and (j) 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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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 

magnitude 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 Kq compression

Uniaxial Kq 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 Kq 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 Kq 

depends on the sediment type; finely grained sediments give larger values of Kq 

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 Kq and the internal angle of 

friction of the sediment (Jones 1994). Typically, for uncemented normally 

consolidated sediments, the Kq ratio is found to vary according to:-

Kq = l -s ir i( | ) ' (2.25)

Where, is the effective friction angle. Previous stress history is also influential as 

Kq tends to be greater in overconsolidated sediments than in normally consolidated 

sediments.

As the Kq 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 (Ay= 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’

Tf = O n̂  tan(|)-HC (2.26)

W here, Xf is the shear stress sustained at the point of maximum resistance, is 

the stress normal to the plane of failure, c 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 (Rg. 2.14b) and the shear strength of the sediment 

would be given by:-

x ,= o ,,ta n < |. (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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Rg.2.14: Mohr diagrams showing Mohr-Coulomb failure envelopes for (a) sediments with cohesion c 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 materiai 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 sampies which 

are initially normally consolidated or lightly overconsolidated, and those which are 

initially moderately or heavily overconsolidated (Rg. 2.17). For initially moderately or 

heavily overconsolidated sampies, 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.

Drained triaxial loading

Isotropic normal 
consolidationUndrained 

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).
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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 Virgin 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 Vvet 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 u , is given by:-
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o = V/V  ̂ (2.29)

Where, V is the bulk volume of the sample and V's 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 unlform-slzed 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 Vvet 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 undralned tests. In addition, for Vvet of critical' specimens, 

compression during drained tests can be associated with positive pore pressure 

during undralned 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 = Gg = Gg) and therefore, the stress path will lie In the q' = 0 plane.
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Rg, 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 p’/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 

Vvet 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

Critical state line

Hvorslev 
surface .

Roscoe surface
Tension
cut-off

Normal 
consolidation 
line _

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, resulting 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 Kq 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 Kq 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 Kq 

compression line in p'-qf' space and in v-p' space.
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Fig. 2.21: Plots showing the projections of the critical state line, the uniaxial Kq 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 Kq 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 

consequence 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 V/et' and 'dry’ of the critical state. Sediments that are \vet 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 crystal 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, 

Lloyd 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 at ai. 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, Shlpway 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 (Rg. 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

divergent 
"spalling" 

cone crack

ring crackcone crack

convergent 
cone crack

plastically deformed

ring crackcone crack

meridional
crack

contact region

coherent conering crack

lateral" crackradial
crack

meridional crack

Fig. 3.1: Nomenclature and configuration of the cracks typically observed in the compression of spheres 
(after Brzesowsky 1995).

78



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-crltlcal 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 embrittlement 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).

<Uso
All of the above mechanisms may^be Involved In time-dependent (sub-crltlcal) 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).

(ii) 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 Tlme-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 magnitude, pore fluid chemistry, pore pressure magnitude and 

loading rate (e.g. Lambe and Whitman 1979, Groshong 1988, Knipe 1989, Jones 

1994, Maltman 1994, Kang 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 scaie, 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, Stiep 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 Stiep 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, Stiep 1976). Smaller glass spheres, with a diameter < 25 pm, 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 Kq 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 

pm, 350-700 pm and 600-850 pm. 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 

magnitude 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 Kq 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 196+16, 

275±25 and 378+22 pm. The pore fluids used to saturate samples were either an 

inert hydrocarbon (mJecane) 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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(after Hagerty et al. 1993).
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Fig. 3.3: Applied stress versus volumetric strain plot for uniaxial Kq compaction tests on quartz sands, 
of grain sizes 196, 275 and 378 pm, 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 {Fq). As this is not a realistic 

representation of a deforming aggregate, Brzesowsky (1995) considered the 

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

considering two extreme cases

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

distribution of flaw sizes at failure (Cf = 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 Kq compression experiments on quartz sand, is due to a grain size 

dependent departure from sphericity.

In conclusion, Brzesowsky inferred that the uniaxial Kq 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 model 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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Fig. 3.5: Plots of applied stress versus volumetric strain show examples (a) and (b) of data generated 
using case 2 of Brzesowsky’s (1995) microphyslcal 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 pm and 125-250 pm. 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 devlatoric stress magnitudes. In addition, the coarse grained 

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

The general dllatancy seen In the early stages of deformation Is said by Kageson- 

Loe to be typical of that known for the undralned 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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Fig. 3.6: Undralned shear data for remoulded chalks consolidated to different p ’ (after Kageson-Loe 
1993). Plots (a) and (b) show the stress/strain and stress path data respectively for samples of grain 
size 125-250 pm. Plots (c) and (d) show the stress/strain and stress path data respectively for samples 
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 undralned conditions of devlatoric stress to 28 MPa (the maximum peak 

strength attained), larger grain size samples of chalk aggregates deform by crushing 

at lower devlatoric stress magnitudes than seen In smaller grain size samples. This 

hypothesis agrees with the grain size effect seen by other workers In one- 

dlmenslonal 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, Bolton 1991, Atkinson 1993).

Renner and Pummel (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, calclte and limestone were Initially sieved to 

give grain size fractions of 15, 50, 100 and 400 pm. 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 at 5 x 10 ® s ̂ . 

According to Renner and Pummel (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 

Pummel 1996). In agreement with Hagerty et al. (1989), Renner and Pummel 

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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Rg. 3.7: Stress difference (Aa) and volumetric strain (0) versus axial strain (ej) 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 Rummei 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) weil-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, D̂ ax (3.1)

Where, Gy is volumetric strain and 6  ̂ is the axial strain. The results given in Table

3.1, show that for the well-rounded calcareous ooids, D̂ ax 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 D̂ ax 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 iimestone Caicareous ooids Calcareous ooids

Grain size 2 to 1 mm 1 to 0.5 mm 0.5 to 0.25 mm

e„ 0.562 0.642 0.644 0.644 0.726

D™ 2.03 2.40 2.46 2.23 2.12

4 34.5* 33.6° 33.7° 33.8° 32.6°

Table 3.1: Measurements of Initial void ratio (e )̂, maximum dilatancy rate {D ^) and interparticie 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 interparticie 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 D̂ ax 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 Kq compression of

Syrrt)o ls ■  ■ e # □  □ O o
Sand A B 0 D

ao

Sym bol s ize represents average gra in  size

Fig. 3.8: Plot showing correspondence between interparticie friction 0  ̂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 Kq 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 at 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 ai. 

1993).

3.3.3 Porosity

As well as illustrating effects of grain size and grain shape. De Souza’s uniaxiai 

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 interparticie 

contacts and, therefore, lower average interparticie 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 Rummei (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 brittle 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 Rummei (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 at 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 pm; Trask sorting coefficient = + 1.31.

b) Oolitic facies, including coated shelly fragments and other coated grains: Median 

grain size = 350 pm, 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 pm; 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 at 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% (Rg. 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% 

(oollte/oolltic 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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Rg. 3.9: Plots O f (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 a/.’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 ai. 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 undralned 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 devlatoric 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 locking-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 ai. (1996) found that increasing mineral hardness decreases the amount of 

particle crushing. Similarly, in a study which compared polymorphs of calcium 

carbonate, Renner and Rummei (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 ai. (Section

3.3.1, 1993). Uniaxial Kq 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 ai. (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

98



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 Kq compression of 'aged' remoulded chalks of grain size 125-250 pm 

(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 pm. Plots show the effect of different pore fluids on uniaxial Kq 
compression (after Kageson-Loe 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 Kq 

compression is relatively unaffected by pore fluid chemistry.

Brzesowsky (1995) also investigated the effect of chemical environment on 

deformation. The results of his uniaxial Kq 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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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 magnüude

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

compressed, under Kq 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 Kq conditions, De Beer (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, De Beer 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 ^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 at at. (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 

magnitude of the critical pressure.

Zhang at at. (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 îm) 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 at at. 1990). By microstructural observations, Zhang at at. 

(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 at at. (1990) are 

shown in Table 3.2, along with results compiled from other workers (Lee and 

Farhoomand 1967, Zoback 1975, Lambe and Whitman 1979, Mirth and Tullis,
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Sample

Critical

Pressure

(MPa)

1
(%)

1
1

(mm)

1 1 
(pm)

Reference

Oughtibridge Ganister 12-1900 7 0.05 0.004-0.029 Mirth 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 0.01&0.045 Zhang et al. (1990)

Ottawa Sand 55 31 0.19 0.012 Zoback (1975)

Ottawa Sand 28 37 0.55 0.015 L am be  a nd  W h itm a n  (1 9 7 9 )

Sub-rounded coarse sand 4 47 1.40 0.044-0.205 Lee a nd  F a rh oo m a n d  (1 9 6 7 )

Angular coarse sand 2 52 1.40 0.062-0.294 Lee a nd  F a rh oo m a n d  (1 9 6 7 )

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 /̂ ;̂ = 95.6 GPa; v ^ ^  = 0.077; = 73.1 GPa; = 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 at ai. 

(1990).

As a further part of their study. Zhang at 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 

at 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 at 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 K̂ at the tip of a pre

existing crack (of length c) reaches a critical value given by the fracture toughness 

Using these assumptions, Zhang at al. (1990) derived the following expression 

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

Where, E is Young’s Modulus, u 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. is the maximum tensile 
hoop stress (after Zhang et al. 1990).

grain radius, K,cis the critical stress intensity factor and a  = c/R is 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 at al. 

calculated an initial crack length of 0.015 îm (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 p.m. This value is extremely large and the validity of 

Zhang at a/.’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 at al.’s equation 

(Equation 3.2), is the value of the fracture toughness used. Ferguson at al. (1987)
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report the value of fracture toughness (0.31 MPam̂ ^̂ ) to be miscalculated and 

suggest that a value of = 1.3 MPam̂ ^̂  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 at 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 at al. 1990 found that a log-log plot of critical effective pressure 

(PJ versus the product of porosity and grain radius ((j)P) 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 at al. 1990, Wong 1990). The straight line in log-log space shown by Zhang 

at 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 at al. 1990, Wong 1990). Thus, a general 

relationship for critical pressure, porosity and grain size can be expressed as:-
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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 .((|,R r' (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, Stiep 1976). On experiments with glass 

spheres at low compression rates (< 0.1 mm/min), cone cracks evolve into 

divergent (spelling) 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 Kq 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 at al. 1960, Zoback and Byerlee, 1976, Lambe 

and Whitman 1979, Lee and Farhoomand 1967, Vesic and Clough 1968, Lade at 

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 Kq compression (e.g. 

DeSouza 1958, Hagerty at 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)

108



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 ai. 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 Kq 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 at 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 at 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 at al. 1967, Rumpf and Schonert 1972, Stiep 

1976). However, Brzesowsky (1995) reports no effect on deformation of loading 

rate in the uniaxial Kq 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 Kq 

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 at 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 Kq 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 ai. 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 

ai. 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.
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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, aiong 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

113



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 concentric-tangential (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 CaCOg, 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 CaCOs from the ocean

Aragonite laths arranged tangentially Aragonite laths arranged radially

/ / /

Nucleus (shell fragment, sand grain or peloid)

Fig. 4.1: Schematic diagram showing the intemal 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-mechanical; algal; chemical

I. Bacterial-mechanical formation hypothesis TSnowbair 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 CaCOg 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).

II. 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.

III. 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 c-crystallographic 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 Gulf 

(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 agitation (Loreau and Purser 1973).

Figures 4.4 and 4.5 identify the sampling locations for this project. Figure 4.4 is a 

landsat’ 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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Fig. 4.2: Map of the southern Persian Gulf showing the location of the area studied (after Loreau and 
Purser, 1973).
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Fig. 4.3: Map of oolitic tidal delta between Sadiyat and Gharab Islands. The map shows the principal 
oolitic facies and associated sediments (after Loreau and Purser, 1973).
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Fig. 4.4; Landsat image showing the barrier islands and oolitic deltas of Abu Dhabi (courtesy of BP Exploration).
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Fig. 4.5: Map of the sedimentary environments of the Abu Dhabi area and the sites of oolitic sand 
sampling (modified from Loreau and Purser 1973).
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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 Isiand 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 walis 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 pm 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 pm in diameter and are enclosed by cortices of aragonite which accumulate to 

a thickness of around 50 pm (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 magnification, these grain surfaces can be seen to consist of an outer cortex 

of tangential haphazardly arranged blunted aragonite rods of 1-2 pm in length (Fig. 

4.7(d)).
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Fig. 4.6: Bar charts showing the proportions of the types of grain found in the three oolitic sands sampled: (a) Al Bahrani Delta ooids; (b) Sadiyat Island ooids; and (c) Sadiyat 
Delta ooids. The sediments are remarkably similar. However, Sadiyat Delta sand contains a slightly higher proportion of ooids with shell fragment nuclei relative to ooids with 
peloidal nuclei.



(a) (b)

(c) ( d )

Fig. 4.7: Photomicrographs of Al Bahrani ooids: (a) SEM view showing general grain morphology and 
sorting; (b) thin section view of ooids showing peloids and shell fragments as nuclei. Field of view 
represents 2mm; (c) SEM view of a typical Al Bahrani ooid. (d); SEM view of ooid surface showing 
haphazardly tangentially arranged aragonite rods of 1-2 microns.
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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 |xm 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 pm 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 ooids 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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(a) (b)

(c) ( d )

Fig. 4.8: Photomicrographs of Sadiyat Delta ooids: (a) SEM view showing general grain morphology and 
sorting; (b) thin section view of ooids showing peloids and shell fragments as nuclei. Field of view 
represents 2mm; (c) SEM view of a typical Sadiyat Delta ooid. (d); SEM view of ooid surface showing 
subhedral to anhedral subspheric nano-grains of aragonite.
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4.2 .2 .3  Sadiyat Island ooids

Oolds 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 pn grain size fraction (Rg. 4.9(a)). The 

ooid outer cortices again consist of sub-spheric aragonite crystals with occasional 

short (500 nm) subhedral rods found in places (Rg. 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 (Rg. 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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(a) (b)

(c) (d)

Fig. 4.9: Photomicrographs of Sadiyat Island ooids; (a) SEM view showing general grain morphology and 
sorting; (b) thin section view of ooids showing peloids and shell fragments as nuclei. Field of view 
represents 2mm; (c) SEM view of a typical Sadiyat Island ooid; (d) SEM view of ooid surface showing 
subhedral to anhedral, subspheric nano-grains of aragonite.

126



Days
0 10 20 30 40 50 60 70 80 90 100

100

MOO C
70° C 23° C

O  40
-  • Hours
—  Days

3°C

0 5 10 3515 20 25 30

Hours

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

AI Bahrani Delta ooids 84 .9  ±  4 .3 15 .1  ±  1 .6

Sadiyat Island ooids 93 .8  ±  3 .3 6 .2  ±  0 .8

Sadiyat Delta ooids 9 2 .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 Kq 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 Kq compression simulates the instantaneous burial of a sediment (Section 

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

magnitude is reached, at which point the test is terminated. Constant stress creep
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tests are similar to uniaxial Kq 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 Kq 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 Kq 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

1 Vertical effective stress (MPa) Burial depth (m)

I 60 ± 2 % 3200 ± 3 %

32 ± 3 % 1800 ± 6 %

1 7 ± 5 % 43014%

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 result of aeolian 

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-DGO, produced by Exxson Chemicals 

Ltd., is the hydrocarbon used for these tests. It is a clear colourless liquid with a 

density of 0.787 gcm  ̂ at 15°C and a kinematic viscosity of 1.64 x 10"® m ŝ  ̂ 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

1 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 881377:1990 and then weighing the 

grains retained in each sieve. The sieve mesh sizes used were 2.00 mm, 1.18 mm, 

850 îm, 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 AI Bahrani Delta 

ooids where 89 % of the grains were retained in the 212 pm mesh sieve. For 

Sadiyat Island ooids, the predominant grain size is 300 pm, with 44 % of grains 

being retained, and for Sadiyat Delta ooids this is 425 pm, 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.

1 BS1377 AI Bahrani Delta ooids Sadiyat Delta ooids Sadiyat Island ooids

Sieve 
mesh size

% grains 
retained

cumulative 
% passing

% grains 
retained

cumulative 
% passing

% grains 
retained

cumulative 
% passing

1 .18  mm 0.1 99.9 4 .6 95 .4 0 .1 99 .9

8 5 0  pm 0 .0 99.9 6 .4 8 9 .0 0 .2 99.7

6 0 0  pm 0 .0 99.9 35 .5 53 .5 1 .0 98.7

4 25  pm 0 .3 99.6 39.7 13 .8 20 .8 77.9

3 0 0  pm 2.2 97 .4 11.3 2 .5 4 4 .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  pm 4 .9 0 0 .1 0 8 .5 0

Table 4.4; Calculated percentages of the number of grains retained in each sieve size and the 
cumulative percent passing, for Ai Bahrani Delta oolitic sand, Sadiyat Delta oolitic sand and Sadiyat 
Island oolitic sand.
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Fig. 4.11: Particle size distribution graph for all AI Bahrani Delta ooids (B), Sadiyat Delta ooids (S) and 
Sadiyat Island oolds (A). The plot shows particle size against the percentage of grains passing each 
sieve size from the data presented in Table 4.4.

Sediment collected Dominant grain size Code letter

AI Bahrani Delta ooids 212 pm < ooids < 3 00  pm B

Sadiyat Island ooids 300  pm < ooids < 425  pm A

Sadiyat Delta ooids 425  pm < ooids < 6 00  pm S

Table 4.5: Grain sizes and their assigned experiment code letter used for each of the three collected 
oolitic sands.

4.4.4 Time-dependency

The types of tests performed for this study are designed to give two sets of strain 

data, one of time-independent deformation and the other of time-dependent 

deformation. During both Kq compression and undrained shear deformation, the 

axial effective stress is continuously increasing so that the sample experiences a
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particular stress regime for an essentially instantaneous time step. Thus, both the 

uniaxial Kq compression tests and undrained shear tests provide strain data that is 

essentially time-independent.

Conversely, by definition, the stress conditions remain essentially constant during 

the constant stress creep tests. Hence, any strains measured are a result of time- 

dependent deformation. A standard test period of 14 days was chosen as the 

optimum duration for the constant stress creep tests. This period was chosen as it 

allowed sufficient numbers of tests to be completed within the time available and 

initial tests showed that deformation characteristics changed little after this period 

(see Section 7.2).

As samples are all tested at the same three values of effective stress, direct 

comparison can be made of the time-dependent and time-independent uniaxial 

strain data. Therefore, the effects of time on the uniaxial deformation 

characteristics of the sample can be ascertained, both graphically and 

microstructurally.

It should be noted that during both Kq and undrained shear deformation, although 

each stress increment is applied instantaneously, some creep will be occurring in 

the sample as a result of stress already experienced. However, the duration of 

these tests is only of the order of 30-360 minutes, compared with durations of at 

least 14 days for the creep tests. Consequently, deformation can be described as 

time-independent relative to the time-dependent constant stress test data.

4.5  Experimental apparatus

Two different types of geotechnical testing equipment have been used in this study. 

These are the triaxial cell and oedometric cell. The triaxial cell was used for uniaxial 

Kq compression and shear tests, whereas, the oedometric cell was used for a 

further set of Kq compression tests and the constant stress creep tests. In order to 

have fully comparable data sets, it is ideal to perform all experiments from one 

programme in the same piece of apparatus. This ensures that any errors incurred, 

which are due to the equipment, are inherent in all the data and can be eliminated.
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However, having two duplicate sets of compression data, performed In different 

types of equipment, enables a direct comparison of these data sets to be made and 

the effect of the apparatus used can then be quantified. Thus, the shear and creep 

data, which have been collected In different pieces of apparatus, can be Indirectly 

compared.

4.5.1 Triaxial cell system

In a true triaxial test, all three principal stresses may differ (Fig. 4.12(a)) and each 

can be varied Independently. A modification of a true triaxlal apparatus occurs when 

the sample used Is cylindrical. Here, the two horizontal stresses are equal and 

cannot be varied Independently of each other (Fig. 4.12(b)). This type of triaxlal 

compression equipment Is commonly used In soil and rock mechanics testing and 

has been used here to perform the uniaxial Kq compression and undralned shear 

experiments. The basic equipment and methods have been described In detail by 

several authors Including, notably. Bishop and Henkel (1962) and Head (1986).

4 .5 .1 .1  Compaction apparatus

The uniaxial Kq compression and undralned shear experiments were performed on 

oolitic sand samples, of 38 mm diameter and 76 mm length, using a Wykeham

a
2 X--

(f, > o, > o,

CT
1

(b)

o s

G.3

a,1

Fig. 4.12: Principal stresses for (a) true triaxial test and (b) modified triaxial test using a cylindrical 
sample.
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Farrance high pressure triaxlal cell (Fig. 4.13) as described by Leddra (1990). This 

steel cell is able to support a confining pressure of 70 MPa and has a loading ram 

with a 50.8 mm diameter. This specially hardened steel ram has a maximum load 

capacity of 800 kN and is precision ground and set in PTFE seals to minimise 

friction. It also operates a balanced ram system (Addis 1987, Jones 1988, Leddra 

1990) which is illustrated in Figure 4.14. This ram consists of a shaft with a central 

flange, the surface area of which is equal to the cross-sectional area of the shaft. 

Drainage ducts in the shaft allow confining fluids to connect between the main lower 

chamber and the upper chamber, which is situated above the flange of the ram. The 

middle chamber, situated immediately below the flange is unconnected to the other 

chambers and is kept at atmospheric pressure. On raising the confining pressure, 

the sample is under hydrostatic pressure, with the up-thrust on the ram from the 

pressurising fluid being balanced out by down-thrust on the flange. Any deviatoric 

stress has to be applied by an additional external load.

This balanced ram mechanism compensates for the volume changes which would 

occur inside the cell due to the ram movement, thus, enabling a constant pressure 

to be maintained within the main chamber. The system also permits the use of a 

smaller capacity load frame as only the deviator stress is applied through the axial 

loading ram (Jones 1988).

The triaxial cell is housed in a Wykeham Farrance 250 kN load frame or 

compression machine (Figs. 4.15 and 4.16). The load capacity of this device is 

sufficient for this experimental programme as a balanced ram system is in place 

and the samples used are relatively weak and of a sufficiently small diameter size 

(38 mm) (Jones 1988). The load frame is designed in such a way that the base- 

platen, below the triaxial cell, can be raised at a constant displacement rate 

towards the cross-frame, thus forcing the ram of the triaxial cell against the sample. 

This constant displacement rate and loading of the sample is achieved with the use 

of a precision geared, motor-driven screw jack which is situated underneath the 

base-platen (Fig. 4.15). The displacement rate settings which are available range 

from 0.001 to 5.999 mm/min.

Displacement of the loading ram is accurately measured using an external linear 

variable displacement transducer (LVDT) made by MPE Instruments with an output
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Fig. 4.13: Schematic diagram showing a cross-section view of a triaxial cell with a balanced ram 
mechanism (Modified from Leddra 1990).
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Fig. 4.14: Schematic diagram showing the structure of a balanced ram. The confining oil is bled to the 
upper chamber, above the shoulder of the ram. As the area of the shoulder is equal to the cross- 
sectional area of the ram, on raising the confining pressure the sample will be under hydrostatic 
pressure. Hence, an external load applied to the ram will provide the deviatoric stress.
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Fig. 4.15; Schematic diagram of 250kN load frame (adapted from Leddra 1990).
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Fig. 4.16: Photograph showing the setup of the triaxial cell within the load frame (courtesy of Mike 
Leddra).
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range of 0-10 V. This LVDT Is fixed externally to the ram with the movable pin resting 

on the top of the triaxlal cell (Rg. 4.16). Thus, vertical movement of the ram, 

relative to the triaxlal cell body. Is measured.

Axial load Is measured with an external 250 kN load cell. This Is positioned on top 

of the loading ram and secured between the ram and load frame with a ball seat 

fitting (Rg. 4.16).

4 .5 .1 .2  Cell pressure system

Hydraulic oil Is used as the confining fluid within the triaxlal cell and this Is pumped 

In, by hand, to surround the sample. Once the system has been de-aired, the oil Is 

pressurised using an electronic closed-loop servo-lntenslfler system (Rg. 4.17) 

which generates and maintains cell pressures In the range of 0-70 MPa. An 

electronic servo-valve, set In a supply manifold, regulates the flow of hydraulic oil 

Into the low pressure section of the Intensifier system. This low pressure oil Is then 

used to generate high pressure across the Intensifier. The high pressure part of the 

Intensifier system Is connected to the triaxlal cell and the cell pressure Is measured 

using an externally fitted pressure transducer. This transducer has a range of 10 V 

and Is made by Maywood Instruments. The control electronics (Rg. 4.18) monitor 

and, hence, respond to the output signals generated by the cell pressure transducer 

and. If fitted to the sample, the radial strain belt transducer.

Drain
Bearing

HP outLP in HP seal
LVDT

\

Piston
LP seal LP cylinder HP cylinder

Rg. 4.17: Schematic diagram showing a cross-section view of the general assembly of a high pressure 
intensifier. HP = high pressure; LP = low pressure; LVDT = linear variable displacement transducer.
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Fig. 4.18: Schematic diagram showing the design of the servo-controlled pressure intensifier system.



4.5 .1 .3  Radial strain belt

For the uniaxial Kq consolidation experiments (described in Chapter 5), it was 

necessary to maintain a constant sample diameter in order to simulate a uniaxial Kq 

consolidation path. To achieve this, a radial strain transducer (Jones 1988) is fitted 

across the central diameter of the sample (Fig. 4.19). This highly sensitive device 

can measure changes in sample diameter of ± 2 pm. In these experiments, it was 

used to maintain a zero lateral strain’ condition by sending a feedback signal to the 

high pressure intensifier which provides the confining pressure. Under this strain 

control, the confining pressure is automatically increased as compaction 

progresses, ensuring that a state of ’zero lateral strain’ is maintained.

4 .5 .1 .4  Pore pressure system

The pore fluid pressure line connects to the bottom of the sample via the base 

platen of the triaxlal cell (Fig. 4.13). A diagram showing the drainage system can be 

seen in Figure 4.20. Note, however, that the top pore pressure line shown in Figure 

4.20 was not used for the experiments described here. This was because the 

sample was not stiff enough to support this system during the setting up of the 

sample prior to testing. The pore fluid pressure in the sample is controlled by a 

50 cc Imperial College type volume gauge (Fig. 4.21). This has two chambers 

separated by a floating piston which is sealed from the two end chambers by a pair 

of flexible bellophragms. The bottom chamber is connected to a regulated air supply 

and the upper chamber connects to the sample via the drainage system. An MPE 

Instruments LVDT is secured to the top of the volume gauge with its movable pin 

sitting on the floating piston. Thus, once the upper pore fluid chamber has been 

calibrated with respect to volume, the LVDT will accurately monitor any pore fluids 

displaced from the sample.

The pore pressure of the sample is monitored using a Maywood Instruments 

pressure transducer (with a range of 0-70 MPa) which is positioned within the pore 

fluid drainage system, outside the triaxial cell but as close to the sample as 

possible to ensure maximum accuracy of data acquisition.
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Rg. 4.19; Schematic diagram showing how the sample is arranged prior to testing. The sample is 
poured into a neoprene membrane, which is secured to the triaxial cell pedestal with o-rings. Once the 
sample is in place, a drainage disc is inserted, followed by the top cap. The membrane is then secured 
to the top cap with more o-rings, thus, fully enclosing the sample. The membrane has strain belt contact 
pads secured to the inside and these are in direct contact with the sample. The radial strain belt is 
screwed into these pads
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Fig. 4.20: Schematic diagram showing the plan of the pore fluid drainage system. T = transducer; I = 
high pressure intensifier; R = hand ram; V = volume gauge; A = air pressure gauge; P = hydraulic pump.
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Fig. 4.21 Schematic diagram of an Imperial College Soil Mechanics Dept. 50 cm̂  volume gauge 
(modified from Leddra 1990).
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4.5 .1 .5  Sample set-up

Due to the particulate nature of the test material, the oolitic sand sample Is 

prepared Insitu on the base pedestal of the triaxlal cell. A neoprene jacket, of 1 mm 

thickness, surrounds the sample and Is secured to the pedestal with rubber o-rlngs 

(Fig. 4.19). A porous drainage disc, saturated with the required pore fluid. Is then 

Inserted and positioned on the base pedestal. The Jacket Is then filled with the 

required pore fluid via the bottom drainage line. The sediment Is poured Into the 

jacket and a saturated porous disc and top cap fitted, with care being taken to expel 

any air. Further o-rlngs are used to secure the neoprene jacket to the top cap, thus, 

completely sealing In the sample (Fig. 4.19). Figure 4.13 shows the arrangement of 

the sample within the triaxlal cell. The enclosed sample Is then subjected to a small 

negative pore pressure using a hand ram. This In turn creates a small effective 

stress which Increases the sample’s stiffness, thus, decreasing sample disturbance 

as the radial strain belt Is fitted (Rg. 4.19). The Initial sample length Is Indirectly 

measured (to an accuracy of ± 0.02 mm) at this point using vernier callipers and 

subtracting the thickness of the top cap and porous discs.

4.5.2 Chen-Hui Oedometric Cells

The Chen-Hul cells are a pair of non-standard oedometers which were designed and 

constructed specifically for this study. They have been used for performing the 

constant stress creep tests, which are presented In Chapter 6, and for creating a 

further data set of uniaxial Kq compression data, which Is presented In Chapter 5. 

As sample size In both the triaxlal cell and Chen-Hul oedometric cell are similar (38 

and 37 mm, respectively), these Kq tests enable a direct comparison to be made 

between data collected under triaxlal and oedometric conditions. This correlation of 

data would highlight any effect that side-wall friction may have on accumulated 

strains measured In the oedometric tests, both during uniaxial Kq compression and 

constant stress creep tests.

4 .5 .2 .1  Compaction apparatus

The Chen-Hul Cell (Rg. 4.22) Is a stainless steel oedometric device custom made by 

BCT Engineering Ltd. The oedometer has an Internal diameter of 37 mm and an
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external diameter of 90 mm. The base platen has a pore fluid drainage duct which 

connects to an external drainage system. There is also a top pore fluid drain 

through the centre of the ram which connects to the external drainage system. The 

cell body slots on top of the base platen and is sealed with PTFE rings which sit in 

grooves machined into the base pedestal (Fig. 4.22). A steel pin, of 8 mm diameter, 

passes through the cell body and base platen, thus preventing any rotation of the 

cell on the base platen and holding them together prior to loading. The loading ram 

is 37 mm in diameter and measures 200 mm in length. The ram seals against the 

cell walls with PTFE rings which also sit in grooves machined into the ram. These 

rings sit slightly proud and are squeezed, as they contact the cell walls, to give a 

good seal. The ram also has a spacer ring which is positioned above the seal on the 

ram. This helps keep the ram vertical as it is forced into the cell during loading.

Top drainage line

Steel
oedometric 
cell

Loading ram

Porous disc

Retaining pin

Bottom 
drainage 
line

Seals

Sample

Porous disc 
Seal

Base
pedestal

Fig. 4.22: Schematic diagram showing a cross-section view of the sample arrangement and components 
of the Chen-Hui oedometric cell.
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4.5 .2 .2  Load supply

The axial load Is applied through the piston by means of a Hi-Force hydraulic jack 

which is positioned under the cell base and rests on the base platen of a Wykeham 

Farrance 250 kN load frame (Fig. 4.23). An ELE Motorised Constant Pressure 

Controller provides the oil pressure for the hydraulic jack. It has a working range up 

to 70 MPa and can be maintained at ± 1.0 % of the set value. The load supplied by 

the constant pressure controller, via the hydraulic jack, is measured by a load cell 

(as in Section 4.5.1.1) which is positioned on top of the loading ram. Thus, the load 

is monitored by the load cell and the constant pressure controller is adjusted 

accordingly to supply the required load. The load cell sits on a steel platen which 

slots on to the ram below thus securing the system which is fixed in the load frame 

by means of a ball seat fitting between the load frame and the load cell (Fig 4.23).

The ELE pressure controller was used to supply oil pressure to two systems 

simultaneously. Thus, pairs of constant stress tests were run in tandem in adjacent 

load frames with the supply from the pressure controller being used to control two 

hydraulic jacks.

4.5.2.S  Pore pressure system

The pore fluid drainage ducts of the Chen-Hui cells, as described above, are 

connected to a pore pressure control system via high-pressure steel fittings. The 

drainage system used for the Chen-Hui cells is as for the triaxial cell (Section 

4.5.1.4, Fig 4.20).

4 .5 .2 .4  Sample set up

The main body of the oedometric cell is positioned on the base pedestal and is 

sealed by the PTFE (polytetrafluoroetheylene) rings which sit in grooves machined in 

the base pedestal (Fig. 4.22). The oedometer is partially filled with the desired pore 

fluid via the bottom drainage line using a hand ram. A porous disc, which is 

saturated with the pore fluid, is then pushed into the cell until it sits firmly on the 

base pedestal. The porous disc is permanently fixed inside a PTFE ring which is 

squeezed as the disc is pushed inside the cell. This ensures a good seal of the disc
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Fig. 4.23: Photograph showing the arrangement of the Chen-Hui cell within the load frame.
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with the cell walls and prevents any loss of sample material into the drainage 

system.

The oolitic sand is poured into the reservoir of fluid sitting in the ceil. A second 

porous drainage disc, also sealed with a PTFE ring, is pushed into the cell until it 

sits squarely on top of the sample. The steel ram is then forced into the cell until it 

sits on top of the drainage disc (Fig. 4.22). During this process, the excess pore 

fluid in the ceil is forced up through the ram which is then immediately connected to 

the top drainage system which is already flush with fluid. This process eliminates 

any air from the system.

The initial length of the sample is measured indirectly by a simple calculation using 

the measured length of the ram that protrudes from the cell following the sample 

set-up. This is done using vernier callipers to an accuracy of ± 0.02 mm. The load 

cell is then positioned on top of the ram and the whole system is secured within the 

load frame (Fig. 4.23).

4.5.3 Brass oedometer

A brass oedometer originally designed for the preparation of remoulded samples for 

triaxial testing was used for those constant stress creep tests where the total 

vertical stress did not exceed more than 7 MPa. This oedometer comprises a 60 cm 

high steel load frame onto which the brass base pedestal of the oedometer is fixed 

(Fig. 4.24). The ceil body, which is a brass tube measuring 300 mm long and with 

an internal diameter of 40 mm, fits onto the base pedestal and is sealed with a 

rubber o-ring which is set into the wall of the base pedestal. A brass top cap, 25 

mm in height, is pushed on top of the sample and also seals against the cell wails 

with a rubber o-ring. Axial load is applied to the system by means of a Beilophragm 

pneumatic piston acting through a 15 mm diameter brass ram which slots into the 

top of the top cap (Fig. 4.24). This pneumatic piston is secured by nuts in a fixed 

position on the load frame. A dial gauge is fitted to the piston, and measures 

changes in displacement of the piston relative to the fixed load frame.

The top cap has an identical integral sintered disc with a drainage duct connecting 

to the top of the top cap. The fluids in the sample are connected, via the top cap.

148



with a pore fluid reservoir which sits on top of the top cap and within the brass tube 

(Fig. 4.24). The base pedestal of the oedometer has an integral porous sintered 

brass disc on which the sample sits. This allows drainage across the full area of the 

sample end to a drainage duct in the base below.

4 .5 .3 .1  Sample set-up

The oedometer is partially filled with the desired pore fluid, with the weighed sample 

being poured into this. The top cap with its integral porous disc is pushed into the 

cell until it sits squarely on top of the sample. During testing, the pore fluid reservoir 

is kept full enough so that its level always continues above the level of the top cap, 

in order that the sample remained saturated at all times. The pore fluids are 

allowed to drain at atmospheric pressure and are collected in a burette. The 

pneumatic piston is slotted into the top cap and secured to the small enclosing load 

frame (Fig. 4.24). The initial length of the sample is measured as for the Chen-Hui 

cell (Section 4.5.2.4). Samples are 40 mm in diameter and have an approximate 

height to diameter ratio of 2:1, as specified in BS 1377: 1990.

4.5.4 Calibrations

Cell pressure and pore pressure transducers were calibrated using a Budenberg 

dead weight calibration system. This gives an accuracy of ±0.05 % and has a 

pressure range of 0.1-120 MPa

The LVDT used for measuring axial displacement on the ram of the triaxial cell was 

calibrated using a large diameter Mitutoyo drum micrometer screw gauge with a 

range of 0-50 mm and a resolution of 0.005 mm. This screw gauge was also used 

to calibrate the radial strain belts which were fitted across the sample prior to 

uniaxial Kq compaction tests in the triaxial cell.

The Imperial College volume gauges were calibrated by injecting measured 

increments of fluid volumes and monitoring the resulting voltage output of the 

attached LVDT. This was achieved by attaching a de-aired drainage system to the 

volume gauge which consisted of a fluid reservoir and a 5 cm  ̂syringe. The syringe 

has a resolution of 0.1 cm̂  and for each voltage reading, fluid increments of 2 cm̂
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were pushed Into the volume gauge.

Each transducer was only used If the regression of the calibration data gave an r̂  of 

at least 0.9999. OthenA/lse, a replacement transducer was Installed.

4.5.5 Data acquisition and logging

After signal conditioning, the voltage ouputs of the LVDTs, pore pressure 

transducers and load cell were logged on an Apricot 386 personal computer. The 

outputs from the cell pressure transducer and radial strain belt come Indirectly via 

the control electronics for the servo-hydraulic unit as these signals are used to 

monitor and adjust states of stress and strain within the triaxial cell. Data 

acquisition Is managed with a programme called Impulse,’ developed by Micro 

Speciality Systems Inc. This software Is a real time, multi-tasking data acquisition 

programme which enables a PC to receive, display and log voltage outputs from all 

the transducers In use. It can also reduce the transducer signals to the 

(uncorrected) physical quantities which they represent by performing calculations 

using the constants and coefficients taken from the transducer calibration data. For 

example, the load cell output Is converted to force (kN), the pressure transducer 

outputs to stress (MPa), the axial LVDT output to displacement, the volume gauge 

LVDT output to volume (cm̂ ) and the radial strain belt output to displacement..

The data Is stored In standard print format In user-defined files which can, 

subsequently, be Imported Into a spreadsheet software package for further data 

processing and reduction.

4 .6  Microstructural studies

Microstructural studies, consisting of optical and scanning electron microscopy and 

x-ray diffraction, were conducted on samples both before and after deformation. This 

ensured that a set of pre-deformation control data was available to compare with 

samples that had undergone compaction. Due to time restrictions, the undrained 

shear samples have not been studied microstructurally. However, both the uniaxial 

Ho compression and creep test samples have been studied.
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4.6.1 Scanning electron microscopy

Scanning electron microscopy is important as a microstructural analytical tool as the 

images obtained have a much greater depth of focus than those obtained with a 

binocular microscope. In addition, the scanning electron microscope can achieve 

magnifications of up to x200,000 which enables good photographs to be taken of 

features which are too small to be within the focal range of a standard binocular 

microscope. These tiny features, which are often very delicate, would be destroyed 

in the making of thin-sections, making SEM the optimum method to use to study 

them. In this study the SEM, was used at magnifications of xlO-20,000, to study 

the deformation of the aragonite laths comprising the outer ooid cortices.

For this study, a Zeiss Digital Scanning Electron Microscope (Model 940) was used. 

This microscope has a magnification range of 15 to 200,000 times at a working 

distance of 7mm and 3 times at a working distance of 50 mm, although resolution 

is limited at magnifications above 50,000 times. The maximum resolution is 5 nm 

at 30 kV.

Deformed samples have been saturated in different pore fluids and need to be 

cleaned and dried prior to SEM examination. Hydrocarbons, in particular, can be 

vaporised by the electron beam causing the SEM column to become dirty and 

reducing the picture quality. Oil also prevents efficient coating of the sample with 

gold, resulting in charging of the specimen and poor resolution pictures. For this 

study, oil-saturated samples were washed several times in acetone and then dried 

naturally in air. The rain water and sea water saturated samples were also washed 

several times but in distilled water and then also dried in air.

Dry samples of undeformed ooids were randomly chosen and fixed to the 10 mm 

diameter sample stub with double-sided sticky tape or glue. The sample was then 

coated with a conducting layer of gold which takes away the electrical charge that 

builds up on the surface due the bombardment of the electron beam. The thickness 

of the gold layer is between 25 and 100 Â, with the thicker coats giving less 

charging and better resolution pictures at high magnifications.

The results of microstructural analysis conducted on undeformed samples are given
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in Section 4.2.2. Examination results for subsequently deformed samples are 

presented In Chapters 5 and 7.

4.6.2 Optical microscopy

Optical microscopy Is an Important aspect of microstructural analysis as It enables 

the Internal structures of Individual grains and the graln-to-grain contact 

relationships to be studied. In this study, optical microscopy was used for point 

counting of types and quantities of different deformation textures, thus, providing 

additional statistical data.

Thin-sectlons for optical microscopy were produced for samples both before and 

after deformation. For undeformed oolds, this involved pouring loose grains Into a 

small pot containing resin which was then allowed to harden under vacuum. The 

samples were then cut, mounted on glass microscope slides and ground to a 30 

pm thickness. For deformed samples this process was more difficult as care had to 

be taken to preserve the delicate deformation fabrics. Samples were removed as 

carefully as possible from the compaction apparatus following testing and allowed 

to dry naturally In air. The middle section of each sample was then carefully placed 

In a small pot of similar diameter. As the samples were so friable It was not 

possible to Impregnate them with resin under vacuum conditions. Consequently, the 

resin could only be dripped onto the sample. This was done on a warmed hot-plate 

which aided the Infiltration of the resin Into the sample. The resin used was Epotech 

105 which was stained with a blue dye (Keystone Blue). This stain assists In 

highlighting the boundary of the grains and picks out any Intragranular porosity or 

voids.

Using a standard petrological microscope with an attached point-counting device 

thin-sectloned samples were counted along 10 equally spaced traverses. A total of 

300 grains per thin-sectlon were counted. For undeformed samples, different grain 

types were counted. These results are presented In Figure 4.5.

For deformed samples, different deformation modes were counted. The deformation 

types counted from deformed samples are presented In the following results 

chapters. Two different counts were undertaken for each deformed sample, one for
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contact types and one for breakage types. These are as described by Bhattacharyya 

and Friedman (1979, 1984) and enable a direct comparison of their data to be 

made, which is discussed in Chapter 5. The contact types counted were point 

contacts, longitudinal contacts, concavo-convex contacts, indented contacts and 

crushed contacts; breakage types counted were spalled, buckled, diagonally 

fractured, crushed, split and unbroken, as illustrated in Figure 1.2 (Section 1.2).

4.6.3 X-ray diffraction

X-ray diffraction (XRD) is commonly used in the study of carbonate sediments. The 

data can give information on the chemical composition of carbonate minerals, such 

as the Mg content of calcite. It can also be used to determine the percentages of 

the various CaCOg minerals present. For this study the XRD analysis was used to 

determine the percentage quantities of aragonite and calcite present in both natural 

and compacted state ooids. This highlights any changes in the mineralogy of the 

samples brought about by their experimental compaction.

In preparation for XRD analysis, samples are ground with an agate pestle and 

mortar until they pass through a 210 pm mesh sieve. Careful grinding of the sample 

is important as the process can cause structural damage to the mineral. Over

grinding to produce a very fine powder can result In a decreased peak intensity (see 

Fig. 4.25). This effect is shown more strongly in calcite than aragonite (Millliman 

1974). In addition, excessive and hard grinding can result in mineralogical changes 

through the increased heat and pressure generated (Hardy and Tucker 1988). 

Samples must be washed and dried prior to grinding and are prepared as for the 

SEM (see section 4.6.1).

The XRD analysis was undertaken using a Phillips PW 1710 Powder Diffractometer 

fitted with a curved graphite crystal monochromator. This was used with the 

standard settings as follows: Ni-filtered Cu Ka-radiation at 40 kV and 30 mA; 

Scanning performed from 20 - 50® 20, at 0.5° 20 per minute; 0.2 mm receiving 

and 0.5° scatter; Rate-meter was set at 5 x 10  ̂c.p.s at time constant 5.

The diffractometer was controlled through a PC using Phillips PC APD (version 3.6) 

and a standardless quantitative analysis was performed using Phillips Quasar
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30“  28 26

Fig. 4.25: X-ray diffractograms showing the effect of extended grinding on the peak intensity of a 50-50 
mixture of mollusc aragonite and oyster calcite. Grinding times are in minutes (after Milliman 1974).

(version 1.0) software. The software Identifies the phases present and compares 

them with its structural database. This contains structures based on a 100% 

presence of that phase. Then using an algorithm, a calculation is made to 

determine how much of that phase must be present in the sample.

Analyses of all the undeformed sample types are given in Table 4.6, along with a 

set of results from control samples. These control samples consist of each of the 

three sediment types (A,B and S) in test tubes saturated with each of the three 

experimental pore fluids (H, R and S). The test tubes were topped up with the 

appropriate test fluid until all the air had been expelled and then were sealed with a 

neoprene bung. The control samples were then left in a dark cupboard at room 

temperature conditions for a period of 400 days. These conditions simulate the 

conditions a sample experiences under testing but with the absence of applied 

stress. The period of time was chosen purely to be longer than the duration of any 

test and to aliow sufficient time for any mineralogical changes to become apparent.

Within the error margins of the calculated aragonite and calcite weight percentages, 

the control samples indicate that no mineralogical changes have occurred over a 

period of 400 days. Hence, any mineralogical changes that may occur In samples
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Sample No. Grain size Pore fluid Aragonite 

Weight %

Calcite 

Weight %

B (natural/dry)

B & 4 0 0

B-R-400

B-H-400

212

212  

212  

2 12  îm

None

Sea water 

Rain water 

Hydrocarbon

8 4 .9  ± 4 .3

8 3 .4  ±  5 .4  

8 8 .2  ±  3 .8

8 5 .4  ±  4 .3

1 5 .1  ± 1 .6

1 6 .6  ±  2 .1  

1 1 .8  ±  1.2  

1 4 .6  ±  1 .6

A (natural/dry)

A -S400

A-R-400

A-H-400

300

3 00  |4iTl 

3 00  |im 

3 00  urn

None

Sea water 

Rain water 

Hydrocarbon

9 3 .8  ±  2 .1

9 2 .5  ± 3 .9  

9 4 .2  ±  2 .5  

9 5 .1  ±  2 .9

6 .2  ± 0 .8

7 .5  ± 1 .0

5 .8  ±  0 .5

4 .9  ±  0 .6

S (natural/dry)

S -S 400  

S-R^OO 

1 S-H-400

4 25  p.m

425  |xm 

425  |xm 

4 25  |im

None

Sea water 

Rain water 

Hydrocarbon

9 2 .3  ± 3 .3

89 .7  ±  5 .6

88 .7  ±  7 .3

9 2 .8  ±  4 .5

7 .7  ± 0 .9

1 0 .3  ±  1.7

1 1 .3  ±  2 .4  

7.2  ±  1.2

Table 4.6 rControl XRD results for samples of different ooid grain sizes (B, A and S) saturated in the 
three pore fluids (H, R and S) for a period of 400 days. Also included in the table are XRD results for the 
three dry sampled oolitic sands: AI Bahrani (B), Sadiyat Delta (S) and Sadiyat Island (A).

subjected to effective stress will be a result of that stress as all other conditions 

are consistent with the control samples.

4.7 Summary

The aims of this experimental study are to simulate shear deformation, and uniaxial 

Kq (burial) compaction and creep in oolitic sands and to determine the effect of 

various environmental and lithological factors on their deformation characteristics. 

In order to achieve this, different variables are experimentally introduced and their 

influence on the accumulated strains during each experiment are monitored.

Ooids are highly rounded carbonate grains which form naturally on the sea floor in 

sub-tropical shallow water. They were chosen as the ideal experimental material for 

this study as they provide a natural control of grain shape. This is an important
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characteristic when undertaking a systematic investigation of the lithological and 

environmental controls of deformation. It is necessary to introduce only one variable 

at a time, to each experiment, in order that its influence on the overall deformation 

can be determined. The variables introduced in this study are all known to influence 

the deformation of oolitic sand but have not yet been investigated systematically 

(Sections 1.2 and 3.3). These variables are axial effective stress magnitude, initial 

grain size distribution and pore fluid type.

The three test types used in this study each enable a sediment sample to follow a 

different deformation path, each with a different stress regime. In this experimental 

programme, uniaxial Kq compression and undrained shear deformation can both be 

considered as time-independent stress paths which simulate sediment burial and 

tectonic deformation respectively. The constant stress creep tests are the time- 

dependent equivalent of uniaxial Kq compression. These experiments are all 

undertaken in high pressure oedometric and triaxial cells.

This chapter has described in detail the types of tests, experimental materials, 

experimental variables, equipment and analytical techniques all needed to 

accomplish these aims. The following three chapters present a summary of previous 

studies, the experimental programme, the experimental techniques, the 

experimental and microstructural results and a discussion, for each of the three 

deformation regimes being investigated.
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Chapter 5

Time-independent behaviour i: 
Uniaxiai Kq compression

5.1  Introduction

Uniaxial Kq compression is an experiment type commonly performed In soil 

mechanics. It Is a one-dlmenslonal compression with zero lateral deformation 

occurring and is aimed at simulating the deformation path experienced by a 

sediment undergoing burial In a tectonlcally quiescent environment. In the uniaxial 

Kq compression test, loading Is achieved at a constant rate of axial displacement. 

This means that the sample only experiences any stress regime Instantaneously 

and Is not held at that point In stress space. Therefore, uniaxial Kq compression can 

be considered as a time-independent compaction with negligible creep strain 

occurring (see Section 4.4.4).

The Instantaneous or time-independent compaction of sediments has important 

implications in several geoscientlfic fields Including petroleum geology, reservoir 

engineering and deep foundation engineering. However, there have been relatively 

few systematic Investigations of the environmental conditions and llthoglcal 

characteristics that may influence particulate compaction to relevant depths. 

Exceptionally, the field of soil mechanics has produced several Investigations but at 

near surface conditions (e.g. Lee and Farhoomand 1967, Vesic and Clough 1968, 

Atkinson and Bransby, 1978, Lambe and Whitman 1979). This chapter presents the 

results of uniaxial Kq compression experiments on oolitic sand, simulating depths in 

the Earth’s crust to approximately 3 km. The effects of Initial grain size, pore fluid 

chemistry, effective stress magnitude and loading rate on the compaction are all
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Investigated.

5.1.1 Previous studies of the environmental and lithological 
controls of the uniaxial Kq compression of sediments

Chapter 3 presents an overview of research that has investigated various 

environmental and lithological controls of deformation. Presented here, is a 

summary of that work which has specifically investigated the effects of initial grain 

size, pore fluid chemistry, effective stress magnitude and loading rates during 

uniaxial Kq compression.

The effect of initial grain size has been previously shown to vary with the 

deformation mechanism that is operative (Section 3.3.1). For example, pressure 

solution is known to favour a small grain size (Houseknecht 1984). This preference 

is attributed to the shorter diffusion paths found in finer-grained sediments (Knipe 

1989). Conversely, it has also been shown that a large grain size in a sediment 

leads to increased particle crushing (e.g. DeSouza 1958, Hagerty et al 1993, 

Brzesowsky 1995). However, Brzesowsky (1995) has indicated that this grain size 

effect could be due to a grain size dependent departure from sphericity (Section 

3.3.1).

The effect of pore fluid chemistry on particulate sediments is somewhat unclear 

(Section 3.3.5). Studies of uniaxiai compression on oolitic sands have shown an 

instantaneous pore fluid effect on deformation texture characteristics (Section 1.2, 

Bhattacharyya and Friedman 1984). However, other uniaxial Kq compression 

experimental studies have shown that the effect of the pore fluid chemistry is 

negligible on the time-independent uniaxial Kq compression of sediments (Kageson- 

Loe 1993, Brzesowsky 1995). Chemical effects are usually controlled by reaction 

rate and are, therefore, inherently time-dependent (Rutter 1976, 1983, Knipe 

1989). Hence, it would be expected that time-independent deformation would yield 

no effect of pore fluid type.

There is a significant body of research that has experimentally investigated the 

effect of increasing stress magnitude on quartz sands under uniaxial strain 

conditions (e.g. Terzaghi 1925, Botset and Reed 1935, Terzaghi and Peck 1948,
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DeBeer 1963, Vesic and Clough 1968, Lambe and Whitman 1979). These studies 

have shown that the onset of particle crushing varies considerably (Section 3.3.6). 

However, this variation is accounted for in a later study by Zhang et al. 1990, who 

hypothesised that the critical pressure, marking the onset of grain crushing, is a 

function of the porosity and grain size of a material (Section 3.3.6).

Finally, with regard to loading rates, Brzesowsky (1995) reports no effect on 

deformation of loading rate in the uniaxial Kq compression of quartz aggregates. 

However, studies on single grains have shown that different loading rates can alter 

the mode of fracture in single loaded grains (Rumpf at ai. 1967, Rumpf and 

Schonert 1972, Stiep 1976). The variation in these results could indicate that grain 

fracturing is a rate-dependent process but frictional grain boundary sliding is not 

(Brzesowsky 1995).

5.2  Experimental programme

This chapter presents and compares two sets of uniaxial Kq compression data 

collected from both a triaxial cell (see Section 4.5.1) and a pair of newly designed 

oedometric cells (see Section 4.5.2). In the oedometric cells, the sample is 

confined by the cell walls and, therefore, can only strain along its axial length. In the 

triaxial cell, the sample is confined laterally by hydraulic oil which is automatically 

pressurised to the magnitude required to maintain a zero lateral strain condition by 

means of a closed-loop servo-control system (see Section 5.3.1). Thus, in the 

triaxial cell, strain also occurs only along the sample axial length.

The samples tested in the triaxial cell were compressed to the desired maximum 

effective stress and then were deformed by undrained shear. The results of the 

uniaxial Kq compression are presented in this chapter, with the results of the 

undrained shear deformation being presented in the following chapter. As the 

triaxial samples have been further deformed by undrained shear, it was not possible 

to study them microstructurally, in order to determine the mechanical effects 

caused solely by the uniaxial Kq compression. However, samples compressed in the 

oedometric cell were not deformed further and in these cases it was possible to 

study the microstructural consequences of this time-independent compaction. In
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addition, it was necessary to compare the behaviour of the samples in the two 

different types of cells in order that the creep data, collected in the oedometric cells 

(and presented in Chapter 7), might be compared with any data collected in the 

triaxial cell. This enables a comparison to be made of all the time-independent and 

time-dependent behaviour of oolitic sands resulting from this study.

Tests were performed on three different oolitic sands (AI Bahrani ooids, Sadiyat 

Island ooids and Sadiyat Delta ooids) each of a different grain size (212, 300 and 

425 pm, respectively). Other experimental variables that were introduced were 

maximum axial effective stress (7, 32 or 60 MPa) and pore fluid type (an inert 

hydrocarbon, simulated rain water or simulated sea water). These materials and the 

experimental variables are all fully described in Chapter 4. Tables 5.1 and 5.2 show 

the test parameters for the uniaxial Kq compression experiments conducted in the 

triaxial and oedometric cells and presented in this chapter.

It has already been stated that in a uniaxial Kq compression test the stress state is 

continuously changing and, consequently, the deformation can be considered as 

time-independent. However, it should be noted that at slow loading rates creep 

mechanisms can become operative. In order to minimise these creep effects, it was 

important to select a loading rate which was slow enough to allow the sediment to 

fully consolidate to each increment of applied load but fast enough to ensure that 

the creep effects are negligible. A rate of 0.05 mm/min was chosen for the 

constant displacement rate uniaxial Kq compression tests presented in this study. 

This rate was determined by experiment (see Section 5.3.1) and previous work (e.g. 

Kageson-Loe 1993) to fulfil the desired criteria. This displacement rate equates to a 

strain rate of approximately 1.1 x lO^s^.

A further dataset of uniaxial Kq compression, collected in the oedometric cells, is 

also presented within this chapter. This additional dataset is taken from the initial 

loading of the constant stress creep tests (presented in Chapter 7) to their required 

maximum stress. This initial uniaxial loading was performed rapidly and at varying 

displacement rates. However, the average displacement rates were approximately 

one magnitude larger than the constant rate of 0.05 mm/min used for the standard 

uniaxial Kq compression experiments.
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Test
number

Grain
d(nm)

Pore fluid Displacement 
rate, x (mm/min)

Max. axial effect 
stress, o /  (MPa)

Maximum axial 
strain, ê  (%)

Initial
porosity, (%)

Final
porosity, (%)

Comments

S-H07-KU 425 inert hydrocarbon 0.05 7.7 2.2 42.1 40.8
S-R07-KU 425 rain water 0.05 6.3 1.8 41.6 40.5
S-S07-KU 425 sea water 0.05 6.2 2.0 41.5 40.2 Volume gauge leaking
S-H32-KÜ 425 inert hydrocarbon 0.05 31.5 6.2 43.4 39.6 Intensifier refilled
S-R32-KU 425 rain water 0.05 31.6 6.0 41.0 37.3 Volume gauge leaking
S-S32-KÜ 425 sea water 0.05 32.0 5.6 42.5 39.0 Volume gauge leaking
S-H60-KU 425 inert hydrocarbon 0.05 60.3 11.9 43.7 36.2 Intensifier refilled
S-R60-KU 425 rain water 0.05 60.0 12.2 40.5 32.2 Cell leaking
S-S60-KU 425 sea water 0.05 60.5 11.8 40.3 31.3
A-H07-KÜ 300 inert hydrocarbon 0.05 6.5 2.0 42.9 41.7 Volume gauge leaking
A-R07-KU 300 rain water 0.05 6.8 1.8 41.2 40.1 Sample left overnight before testing

A-S07-KU 300 sea water 0.05 6.6 1.8 40.8 39.7
A-H32-KU 300 inert hydrocarbon 0.05 31.4 6.6 44.0 40.1 Poor pore pressure control
A-R32-KU 300 rain water 0.05 31.8 6.4 44.1 40.3 Difficulty in locating sample with ram

A-S32-KU 300 sea water 0.05 31.4 6.9 42.4 38.0
A-H60KU 300 inert hydrocarbon 0.05 61.0 13.8 42.4 33.2 Poor pp control + jump in cell p
A-R60-KU 300 rain water 0.05 60.3 13.0 43.2 34.6 Intensifier refilled
A-S60-KU 300 sea water 0.05 60.3 13.3 46.6 38.4 Intensifier refilled
B-H07-KU 212 inert hydrocarbon 0.05 6.6 2.3 44.8 43.4 Difficulty in locating sample
B-R07-KU 212 rain water 0.05 6.5 2.9 47.3 44.4 Slight cell leak at start
B-S07-KÜ 212 sea water 0.05 6.5 2.4 45.7 44.3 Very poor pore pressure control
B-H32-KU 212 inert hydrocarbon 0.05 30.9 6.6 44.8 40.9
B-R32-KU 212 rain water 0.05 31.0 9.0 46.5 44.2 Sample left overnight before testing

B-S32-KU 212 sea water 0.05 31.6 7.7 44,2 39.5
B-H60-KU 212 inert hydrocarbon 0.05 60.4 11.9 45.9 38.6
B-R60-KÜ 212 rain water 0.05 60.5 17.7 47.3 35.9
B-S60-KÜ 212 sea water 0.05 60.2 15.9 43.9 33.2 Volume gauge leaking

Table 5.1: Uniaxial Kq compression experiments performed in the triaxial cell on oolitic sands at room temperature. Test conditions as shown.



Test
number

Grain
d(iim)

Pore fluid Displacement 
rate, x (mm/min)

Max. axial 
stress, a /  (MPa)

Maximum 
strain, e„ (%)

initial
porosity, </), (%)

Final
porosity, 0f (%)

Comments

S-H07-KC 425 inert hydrocarbon 0.05 6.5 1.6 40.3 39.3 Forgot to reduce pp on unloading
S-R07-KC 425 rain water 0.05 6.6 1.6 43.0 42.0
S-S07-KC 425 sea water 0.05 6.6 1.4 43.3 42.5 Forgot to reduce pp on unloading
S-H32-KC 425 inert hydrocarbon 0.05 31.5 5.7 43.5 40.0
S-R32-KC 425 rain water 0.05 31.0 6.0 43.4 39.8
S-S32-KC 425 sea water 0.05 31.7 5.4 43.1 39.8
S-H60-KC 425 inert hydrocarbon 0.05 59.9 11.4 43.6 36.2
S-R60-KC 425 rain water 0.05 60.1 11.5 43.3 35.9
S-S60-KC 425 sea water 0.05 60.0 12.1 43.8 36.1
A-H07-KC 300 inert hydrocarbon 0.05 6.1 2.4 45.1 43.8
A-R07-KC 300 rain water 0.05 6.5 1.5 44.3 43.5 Blockage in pore pressure line
A-S07-KC 300 sea water 0.05 6.2 1.1 43.8 43.1 Volume gauge leaking
A-H32-KC 300 inert hydrocarbon 0.05 31.0 7.8 45.6 41.0 Logging computer failure
A-R32-KC 300 rain water 0.05 31.5 6.5 44.3 40.5 Logging computer failure
A-S32-KC 300 sea water 0.05 30.1 5.2 40.5 37.2 Poor pore pressure control
A-H60-KC 300 inert hydrocarbon 0.05 55.6 13.4 45.2 36.7 Stopped prematurely
A-R60-KC 300 rain water 0.05 60.1 12.9 44.2 35.3 LVDT not in contact at start
A-S60-KC 300 sea water 0.05 62.8 12,5 44.5 36.5 Stopped late/ VG leaking
B-H07-KC 212 inert hydrocarbon 0.05 6.0 3.3 48.5 46.7 Faulty gears affected disp. rate
B-R07-KC 212 rain water 0.05 6.6 2.8 47.7 46.2 Poor pore pressure control
B-S07-KC 212 sea water 0.05 6.2 2.8 48.2 46.7
B-H32-KC 212 inert hydrocarbon 0.05 30.2 9.8 49.1 43.6 Sample left in cell post-testing
B-R32-KC 212 rain water 0.05 31.5 8.9 46.6 41.4
B-S32-KC 212 sea water 0.05 30.8 8.1 47.0 42.3 Logging computer failure
B-H60-KC 212 inert hydrocarbon 0.05 60.1 15.1 48.2 39.0
B-R60-KC 212 rain water 0.05 59.9 14.0 47.0 38.3
B-S60-KC 212 sea water 0.05 60.1 16.4 48.4 38.3

Table 5.2: Uniaxial Kq compression experiments performed in the oedometric cells on oolitic sands at room temperature. Test conditions as shown.



s

Test
number

Grain size 
d(nm)

Pore fluid Displacement 
rate, x (mm/min)

Max. axial 
stress, Gfy ' (MPa)

Maximum 
strain, ê  (%)

Initial
porosity, (j>, (%)

Final
porosity, (pf (%)

Comments

S-H60-C 425 inert hydrocarbon 0.35 60.4 11.0 43.3 36.3

S-R60-C 425 rain water 0.50 60.5 12.7 43.5 35.3

S-S60C 425 sea water 0.45 60.2 10.8 42.0 35.1

A-H60-CT 300 inert hydrocarbon 1.30 60.0 15.7 45.6 35.5

ArR60CT 300 rain water 1.05 60.0 15.0 46.2 36.7

A-S60-CT 300 sea water 0.80 60.0 13.9 43.4 34.3

B-H60-C 212 inert hydrocarbon 0.46 59.9 14.3 47.3 38.5

B-R60C 212 rain water 0.70 60.5 12.3 47.3 39.9

B-S60CT 212 sea water 0.46 59.9 16.9 48.2 37.7

Table 5.3: Experimental conditions for the uniaxial Kq compression of oolitic sands at variable displacement rates in the oedometric cell. This data represents the initial loading of 
the 60 MPa constant stress creep tests. Loading was applied fairly rapidly until the required stress was reached, giving variable displacement rates which are at least one magnitude 
faster than the constant displacement rate of 0.05 mm/min used in all other uniaxial Kq compression experiments in this study. All experiments were performed at room temperature



Thus, using these two sets of oedometric uniaxial Kq compression data, a 

comparison can be made of the effect of different axiai displacement rates on the 

deformation of ooiitic sands. This additional uniaxial Kq compression dataset is 

listed in Tabie 5.3, along with the reiated experimental conditions.

5 .3  Experimental techniques

5 .3 .1  Uniaxial compression under tri axiai conditions

The triaxial system and samples set-up is fully described in Section 4.5.4 and 

illustrated in Figures 4.13 and 4.16, and wili not be further described here. Once 

the experiment is set up, the triaxiai celi (Rg. 4.16) is lowered, secured and filled 

with hydraulic oil. A small effective stress is then established with an isotropic 

confining pressure of 1.5 MPa and a pore pressure of 1 MPa. The ram is piaced in 

contact with the top cap of the sampie assembly and loading is achieved by driving 

the ram against the sample at a constant rate of displacement of 0.05 mm/min 

(Kageson-Loe, 1993). This rate was chosen to be sufficiently slow as to ensure that 

all excess pore pressures were completely dissipated with increasing ioad and, 

hence, that the sample was fully consolidated to each increment of appiied stress. 

This was known to be the case as initial tests monitored pore pressures at both the 

top and bottom of the sampie, with drainage via the bottom of the sampie. The 

undrained top end of the sample was found not to exhibit any excess pore pressure 

at the loading rate of 0.05 mm per minute. Hence, this rate was used for ali 

standard uniaxiai compaction tests in this experimental programme.

During a uniaxial Kq compression test, the sample is heid at a constant diameter 

i.e. zero lateral strain condition. This is achieved with the servo-controlier set on 

strain control: The confining pressure is automaticaily increased as compaction 

progresses, using feedback signals from the radial strain belt transducer (see 

Section 4.5.1.3), ensuring that a state of zero lateral strain is maintained.

Axial load, confining pressure, pore pressure, volume of expelled pore fluid and axial 

displacement are all recorded continuously throughout the duration of each test. 

Sample diameter is approximately 38 mm and height to diameter ratio is
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approximately 2:1, as specified in BS 1377:1990. Following testing the sample is 

unloaded and removed from the cell. The neoprene jacket is carefully cut from the 

sample, ensuring minimal structural disturbance. The sample is then prepared for 

microstructural analysis as described in Section 

4.6.

5.3 .2  Uniaxial compression under oedometric conditions

The apparatus and sample set-up for the oedometric cell is described in detail in 

Section 4.5.2 and illustrated in Figures 4.22 and 4.23. As with the triaxial system, 

an initial small effective stress of 0.5 MPa is established: The load is gradually 

increased to 1.5 MPa axial stress, by racking up the base pedestal by hand; At the 

same time the pore pressure is gradually increased until it is draining to a constant 

back pressure of 1 MPa. Loading is then achieved by driving the ram against the 

sample at a constant rate of displacement of 0.05 mm/min.

Axial load, pore pressure, volume of expelled pore fluid and axial displacement are 

all recorded continuously throughout the test. Sample diameter is approximately 37 

mm and initial height to diameter ratio is approximately 2:1. Following testing, the 

sample is unloaded and the pore fluid pressure returned to atmospheric conditions. 

The base pedestal is separated from the main oedometric cell and the sample is 

pushed carefully out with the loading ram, ensuring minimal sample disturbance. 

This is achieved using the mechanical Jack within the load frame. The sample is 

then prepared for microstructural analysis as described in Section 4.6.

5 .3 .3  Initial test conditions

In the triaxial cell, samples are initially Isotropically consolidated to a small effective 

stress of 0.5 MPa prior to constant displacement rate loading. An initial correction 

is performed on the displacement data to take this point as the zero datum for axial 

strain. This correction is necessary as a small confining pressure is required before 

the ram is brought in contact with the sample, thus allowing displacement readings 

to be taken.

In order to make a comparison with the tests performed in the triaxial cell, similar
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initial conditions were imposed during the oedometric tests prior to loading. 

However, the samples in the triaxial cell were consolidated isotropically to 0.5 MPa 

effective stress, whereas, by design, this initial consolidation is anisotropic or 

uniaxial in the oedometric cell. Unfortunately, this small error is inherent with the 

design of the cells. Nevertheless, taking the zero strain datum at 0.5 MPa axial 

effective stress does reduce the effect of differences in initial sample packing on 

the resultant strains accumulated during further loading.

5.4  Data reduction and error analysis

The data reduction procedure consists of adjusting the recorded values of the 

transducers to give true values. This was achieved by subtracting the initial zero 

values, recorded at rest, prior to testing. The newly adjusted data is then used to 

calculate the required parameters of stresses and strains. Appendix 2 shows the 

derivations of these stress and strain parameters deduced from the original data 

set of load and displacement measurements. Appendix 2 also describes how initial 

porosity values were calculated.

Conventional error analysis produced relative errors for the applied axial stress, 

confining pressure, pore pressure, axial strain, radial strain of 0.6% or less. As 

these errors are all relatively insignificant and for clarity of presentation, error bars 

for individual data points have not been plotted on any of the presented graphs.

5.5 Experimental results

Stress/strain data are presented for uniaxial Kq compression experiments 

conducted in both the oedometric and triaxial cells. These stress/strain plots show 

axial effective stress against axial strain. However, it should be noted that during 

uniaxial Kq compression there is no lateral strain and, therefore, the axial strain is 

equal to the volumetric strain. Stress paths in deviatoric stress/mean effective 

stress space (see Section 2.3.3) are only presented for the triaxial compaction 

data. This is because the radial stress measurements, needed for calculations of 

mean effective stress and deviatoric stress, cannot be measured in oedometric 

cells.
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5.5 .1  Effect of stress magnitude

All compaction data show that axial strain accumulates with increasing effective 

stress (Figs. 5.1 to 5.9). However, there are some differences seen in results 

collected in different types of apparatus, particularly with regards to the smallest 

grain size samples (AI Bahrani Delta ooids B). In addition, the variation in initial 

porosity of samples, which is an inherent material variable associated with 

particulate sediments, must be considered when comparing results as it is known 

that increased porosity promotes increased compressibility in a sediment (De Souza 

1958, Hite 1989). In order to ascertain the effect of porosity, the final strains of 

each experiment have been plotted against the initial porosities to see if there is a 

quantifiable trend (Rg. 5.10, Section 5.5.1.4).

5 .5 .1 .1  Sadiyat Delta ooids (425 |im)

Rgure 5.1 shows all uniaxial Kq compression data for samples of Sadiyat Delta 

ooids (S) of grain size 425 pm, saturated in a pore fluid of Exxsol-D60, an inert 

hydrocarbon (H). The triaxial cell compression data (S-H07-KU, S-H32-KU and S-H60- 

KU) all follow a similar stress/strain curve (Rg. 5.1(a)), indicating a high degree of 

consistency in the data collection. Up to approximately 7 MPa axial effective stress 

and 2.5% strain, all samples show an initial stiffening with increasing stress (the 

initial concave-down part of the curve). Beyond this point, strain accumulates quasi- 

linearly with increasing stress, until approximately 30 MPa axial effective stress and 

5% axial strain, where the sample becomes more compliant with increasing stress 

i.e. the curve becomes slightly convex-down (Rg. 5.1(a)).

Very similar compaction behaviour is seen with data collected in the oedometric 

cells (S-H07-KC, S-H32-KC and S-H60-KC). However, the curves show a smaller 

initial strain (approximately 0.5%) which results in an offset between the sets of 

compaction curves from the triaxial and oedometric tests. This strain deficit, found 

in the oedometric cell data, is probably due to cell wall friction which had to be 

overcome before the sample in the oedometric cell could deform. The oedometric 

data also show a high degree of consistency, with each of the three samples 

following very similar compaction curves.
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The stress paths of the triaxial cell compression data (S-H07-KU, S-H32-KU and S- 

H60-KU), in deviatoric stress/mean effective stress space, can be seen in Figure 

5.1(b). Here the consistency of the data can again be seen with all three tests 

following very similar stress paths. The stress paths present a continual slightly 

convex curve, indicating that with increasing mean effective stress, the deviatoric 

stress increases at a lesser rate. This relative increase in confining pressure (i.e. a 

relative increase in mean effective stress), with increasing deviatoric stress, would 

indicate that the sample is attempting to dilate.

Similar results are seen with Sadiyat Delta ooids when saturated with a simulated 

rain water (R). Figure 5.2(a) shows the stress/strain data for both triaxial (SR07-KU, 

S-R32-KU and S-R60-KU) and oedometric (S-R07-KC, S-R32-KC and SR60-KC) 

uniaxial Kq compression tests. Both the triaxial and oedometric compaction data 

show a high degree of consistency with little difference in behaviour observed in the 

two datasets. As with the samples saturated with hydrocarbon, there is initial 

stiffening as the stress increases up to approximately 8 MPa (2% axial strain). 

Following this, the strain accumulates quasi-linearly with increasing stress until 

approximately 27 MPa (5% axial strain), when strain gradually increases more 

rapidly with increasing stress and the sample is more compliant.

The stress path diagram in deviatoric stress/mean effective stress space (Fig. 

5.2(b)) shows that the rain water-saturated samples (S-R07-KU, SR32-KU and S- 

R60-KU) exhibit a similar compaction behaviour to the hydrocarbon-saturated 

samples (S-H07-KU, S-H32-KU and S-H60-KU) with the deviatoric stress increasing 

at an increasingly lesser rate than the mean effective stress. The stress paths also 

show consistent sample behaviour.

The same trends in deformation behaviour are also seen with Sadiyat Delta ooids 

when saturated with a simulated sea water (S). Figure 5.3(a) shows the 

stress/strain data for both triaxial (S-S07-KU, S-S32-KU and S-S60-KU) and 

oedometric (S-S07-KC, S-S32-KU and S-S60-KU) uniaxial Kq compression tests. 

Again, the triaxial cell compaction data show a high degree of consistency with tests 

at 7 (S-S07-KU), 32 (S-S32-KU) and 60 MPa (S-S60-KU) appearing to follow similar 

trends. However, the oedometric data is less consistent with S-S60-KC exhibiting 

slightly weaker behaviour than the other samples. This could be due to the higher
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Initial porosity of this sample (43.8%). Despite this slight discrepancy, the trends 

seen in all samples are similar but with the oedometric tests again accumulating 

less initial strain (approximately 0.5%). This is probably a result of having to 

overcome cell wall friction. As with all other samples of Sadiyat Delta ooids, there is 

an initial period of sample stiffening as the stress increases up to approximately 7-8 

MPa (2% axial strain). Following this the strain accumulates linearly with increasing 

stress until approximately 30 MPa (5.5%), when strain gradually increases more 

rapidly with increasing stress and the sample becomes more compliant.

The stress path diagram in deviatoric stress/mean effective stress space (Fig. 5.3 

(b)) shows that the seawater-saturated samples (S-S07-KU, S-S32-KU and SS60-KU) 

exhibit a similar compaction behaviour to all the other samples of Sadiyat Delta 

ooids, saturated in both hydrocarbon and rain water, with the deviatoric stress 

increasing at an increasingly lesser rate than the mean effective stress. The 

samples also show a high degree of consistency in their behaviour.

5 .5 .1 .2  Sadiyat Island ooids (300 pm)

Figures 5.4 to 5.6 show the uniaxial Kq compression data for Sadiyat Island ooids 

(A). Figure 5.4 shows the data for the samples saturated in Exxsol-DGO (an inert 

hydrocarbon (H)). The triaxial cell stress/strain data (A-H07-KU, A-H32-KU and A- 

H60-KU), shown in Figure 5.4(a), is very consistent with each sample compacting 

along a similar path. The samples exhibit an initial stiffening at low stresses up to 

approximately 8 MPa (2% strain) after which strain accumulates linearly with stress 

up to approximately 5% strain (25 MPa axial effective stress). At this point the 

samples become more compliant. However, the samples return to a more stiffening 

behaviour from 8% strain (35 MPa axial effective stress) and above. The oedometric 

compression data (A-H32-KC and A-H60-KC) exhibit a more consistently linear 

behaviour. However, the data is less repeatable, with A-H07-KC accumulating 

considerable strain before stiffening at the start of the test (up to 1% strain). The 

oedometric samples all have initial porosities of greater than 45% compared with 

the triaxial samples which have an average initial porosity of approximately 43%. 

These larger initial porosities are likely to account for the slight variations in 

behaviour seen in the oedometric data.
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effective stress space for tests performed in the triaxial cell. ((j)i = initial porosity)
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The stress path diagram In deviatoric stress/mean effective stress space (Rg,5.4b)) 

shows the same behaviour as seen for ail Sadiyat Delta ooids (see Section 

5.5.1.1): The mean effective stress increases at an increasingly faster rate than the 

deviatoric stress, producing a slightly convex curving stress path.

Figure 5.5 shows the uniaxial Kq compression data for Sadiyat island ooids 

saturated in a simulated rain water (R). The stress/strain data (Fig. 5.5(a)) exhibit 

similar trends to those exhibited by the hydrocarbon-saturated samples (Fig. 5.4 

(a)). There is a high degree of consistency, with all data showing similar compaction 

trends. In addition, there is little difference to be noted between the triaxial cell data 

(A-R07-KU, A-R32-KU and A-R60-KU) and the oedometric cell data (A-R07-KC, A-R32- 

KC and A-R60-KC). The stress path diagram (Rg. 5.5(b)) for the rain-water-saturated 

triaxial samples (A-R07-KU, A-R32-KU and A-R60-KU) also shows behaviour as seen 

with the hydrocarbon-saturated samples (Rg. 5.4(b)).

The uniaxial Kq compression data for the sea-water-saturated Sadiyat Island ooid 

samples are presented in Rgure 5.6. The stress/strain curves (Rg. 5.6(a)) for the 

triaxial cell experiments (A-S07-KU, A-S32-KU and A-S60-KU) show trends consistent 

with those seen for ail other uniaxial compression experiments performed in the 

triaxial cell on Sadiyat island ooids (see Rgs. 5.4 and 5.5), The oedometric uniaxial 

Ko compression data (A-S07-KC, A-S32-KC and A-S60-KC) also show similar 

behaviour but the curves are offset by a smaller initial strain (approximately 0.5%), 

as seen in the Sadiyat Delta ooids (e.g. Rg. 5.1). This strain deficit is again 

accounted for by the ooids having to overcome ceil wall friction in the oedometric 

device at the start of loading. However, the stress/strain curves do appear to show 

an increased degree of stiffening at axial effective stresses above 45 MPa. The 

stress paths of the triaxial data (A-S07-KU, A-S32-KU and A-S60-KU), shown in 

Rgure 5.6(b), are as described for ail other Sadiyat Island ooid samples.

5 .5 .1 .3  AI Bahrani Delta ooids (212 pm)

The AI Bahrani ooids are the smallest grain size (212 pm) ooids used for the 

experiments presented in this thesis. Rgure 5.7(a) shows the stress/strain data for 

the uniaxial Kq compression experiments performed on Ai Bahrani ooids (B) 

saturated with Exxsoi-D60 (an inert hydrocarbon (H)). The triaxial cell data (B-H07-
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KU, B-H32-KU and B-H60-KU) show the stiffening behaviour, at low stresses (less 

than approximately 7 MPa effective stress and 2% strain), exhibited by all other 

samples tested in the triaxial cell. Thereafter, the triaxial cell samples deform with 

an approximately linear increase of strain with stress. They also behave in a much 

stiffer manner than those of hydrocarbon-saturated AI Bahrani ooids deformed in the 

oedometric cell (B-H07-KC, B-H32-KC and B-H60-KC). These oedometric samples 

produce stress/strain curves which show a gradual stiffening over the entire stress- 

strain curve.

It was initially thought that the distinct difference in behaviour between the two 

datasets was possibly due to the initial conditions of the samples: The initial 

porosities of the samples compacted in the triaxial cell lie in the range 44.7% - 

45.9%, whereas, for the oedometrically tested samples the values range from 

48.2% - 49.1%. Thus, a discrepancy in initial porosity of over 3% exists between the 

datasets. However, tests on AI Bahrani Delta ooids saturated in both rain water and 

sea water, described below, show that although repeatability problems are again 

apparent, these cannot be attributed to the initial sample porosity (Figs. 5.8 and 

5.9). In addition, it will be shown that initial porosity does not effect the ultimate 

strains of oolitic sands (Section 5.5.14). These data inconsistencies, found in AI 

Bahrani Delta ooid samples saturated in hydrocarbon, rain water and sea water 

along with the effect of initial porosity are discussed further in Section 5.5.14.

Figure 5.7(b) presents the stress path diagram for the uniaxial Kq compression data 

collected in the triaxial cell (B-H07-KU, B-H32-KU and B-H60-KU). Here, the data 

show behaviour consistent with all other uniaxial Kq compression data collected in 

this study (see Sections 5.5.1,1 and 5.5.1.2).

Inconsistencies in stress/strain behaviour are also seen with the rain-water- 

saturated AI Bahrani samples (see Fig. 5.8(a)). Although the samples, both triaxial 

and oedometric, have similar initial porosities, differences in strain of up to 4% can 

be seen between samples: at 60MPa axial effective stress, B-R60-KC has strained 

by 13.5%, whereas, B-R60-KU has strained by 17.5%. However, the data can all be 

said to exhibit simple stiffening behaviour. The stress path data is again consistent 

(Fig. 5.8(b)) and follows a pattern of behaviour similar to all the other ooid samples 

tested in this experimental programme.
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Figure 5.9 shows the uniaxial Kq compression data for ali sea-water-saturated 

samples of Al Bahrani ooids, The stress-strain curves (Fig. 5.9(a)) for the 

experiments performed in the triaxial ceil (B-S07-KU, B-S32-KU and B-S60-KU) are 

fairly consistent with each sample following a similar path. There is an initial 

stiffening of the samples at low stresses, less than 7MPa (3% strain), followed by a 

linear increase of strain with increasing stress, up to approximately 25 MPa (6.5% 

strain). At this point the sample shows compliance before gradually stiffening again 

with increasing stress. The oedometric and triaxial data are reasonably comparable 

except for B-S60-KC which appears much weaker than the other samples despite no 

difference in initial porosity. The stress path diagram (Fig. 5.9(b)) for the triaxial 

samples is again highly consistent and similar in form to all other data.

5 .5 .1 .4  Consistency of experimental data

The above sections have summarised how the deformation of the three different 

oolitic sand samples (from Sadiyat Delta, Abu Dhabi and Ai Bahrani Delta) were 

affected by increasing stress magnitude up to 60 MPa axial effective stress. The 

consistency of the data and, therefore, its repeatability has also been discussed. 

The results found that the Sadiyat Delta ooids and the Sadiyat Island ooids, i.e. the 

two larger grain size sands, produced highly consistent data. Conversely, the 

smallest grain size sample (Ai Bahrani ooids) yielded experimentally inconsistent 

stress/strain data (Figs. 5.7(a), 5.8(a) and 5.9(a)) but highly consistent stress path 

data (Figs. 5.7(b), 5.8(b) and 5.9(b)).

It is important to discuss at this point the influence on deformation of the initial 

porosities of the samples. From the data presented in Table 5.1, it can be seen 

that porosities vary from 40.8-47.3%, with porosities generally becoming larger with 

decreasing grain size. Hence, if the effect of grain size on deformation is to be 

investigated, the interpretation of the results is complicated by varying porosities, in 

other words, porosity is an inherent experimental variable. In order to determine the 

effect of porosity on oolitic sand deformation, the ultimate strains for each sample 

have been plotted against the initial porosity values (Table 5.1, Fig. 5.10). The 

results show that there is an apparent trend of increasing strain with increasing 

porosity (Fig. 5.10). However, on closer inspection of the data, this can be seen to 

be a grain size effect, if samples of similar grain size are compared, it can be seen
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that there is a negligible effect of the initial porosity on the ultimate strain value 

(Fig. 5.10). Exceptionally, the data for the smallest grain size samples (AI Bahrani 

ooids) is inconsistent and show no trends. However, for the two larger grain size 

samples, at stresses of 32 and 60 MPa, there does appear to be a trend of 

increasing strain with decreasing grain size (Fig. 5.10).

The reason for the inconsistencies seen in the stress/strain data for the smallest 

grain size samples is not clear. Initial porosity has been shown not to systematically 

affect the Kq compaction behaviour (Fig. 5.10). In addition, the type of deformation 

cell appears to have no consistent bearing on the behaviour: Some samples appear 

stiffer when deformed in the triaxial cell (e.g. Fig. 5.7(a)), whereas, increased 

stiffness is sometimes seen in samples deformed under oedometric conditions 

(e.g. Fig. 5.8(a)). One possible explanation is the packing arrangement of the grains. 

If samples comprise a more stable configuration, they will not strain as readily by 

frictional grain boundary sliding.

The AI Bahrani Delta samples saturated in sea water provide the most consistent 

data set, with most samples following an initially stiff deformation path, followed by 

a linear increase of stress with strain to approximately 20 MPa. Thereafter, the 

samples behave in a more compliant manner before gradually stiffening once more 

(Fig. 5.9(a)). In view of this pattern of behaviour, it can be said that the style of 

behaviour of AI Bahrani Delta ooids is similar to that seen with the other larger grain 

size samples. However, in view of the general inconsistencies found, a comparison 

of the AI Bahrani Delta samples with other samples would prove unreliable. 

Therefore, in the following sections, only data from the Sadiyat Delta and Sadiyat 

Island ooids has been used to study the effects of pore fluid type and grain size on 

deformation.

5.5.2 Effect of pore fluid type

A set of uniaxial Kq compression experiments has been performed on each type of 

oolitic sand (Sadiyat Delta ooids S, Sadiyat Island ooids A and AI Bahrani Delta 

ooids B) in the presence of three different pore fluids. The pore fluids used are an 

inert hydrocarbon (H), a simulated rain water (R) and a simulated sea water (S).
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These fluids are all described in Chapter 4 with detailed technical specifications 

given in Appendix 1.

Only the results of the two larger grain size ooids (Sadiyat Island ooids and Sadiyat 

Delta ooids) are presented here as the uniaxial Kq compression data for AI Bahrani 

ooids proved experimentally inconsistent. Figure 5.11 shows the axial effective 

stress/axial strain data for the uniaxial Kq compression experiments performed on 

Sadiyat Island ooids and Sadiyat Delta ooids, with grain sizes of 300 pm and 425 

pm respectively. Figure 5.11(a) compares the effect of different pore fluid types on 

the deformation of Sadiyat Island oolitic sand A. The data show that there is no 

distinct change in behaviour when the sand is saturated in rain water (A-R60-KU), 

sea water (A-S60-KU) or an inert hydrocarbon (A-H60-KU) with each test following a 

similar path. This behaviour is also seen (Fig. 5.11(b)) with the larger grain size 

sand (Sadiyat Delta ooids S).

The stress paths of the two oolitic sands, in deviatoric stress/mean effective stress 

space, can be seen in Figure 5.12. At low deviatoric stresses (less than 18 MPa), 

there is little distinction in behaviour between samples saturated with different 

fluids. However, at higher deviatoric stresses (above 18 MPa) the aqueous fluid 

saturated samples appear to deviate from the trend of the hydrocarbon-saturated 

sample. This behaviour can be clearly seen in the larger grain size (425 pm) 

samples (Fig. 5.12(b)), with the sea-water-saturated sample (S-S60-KU) and the rain

water-saturated sample (S-R60-KU) deviating, in similar trends, from the stress path 

of the hydrocarbon-saturated sample (S-H60-KU). These trends are also seen In the 

intermediate grain size (300 pm) samples, but to a lesser extent (see Fig. 5.12(a)). 

The aqueous-fluid-saturated samples show that mean effective stress increases at 

a faster rate than deviatoric stress with increasing stress i.e. the stress path is 

convex. This convex curve indicates that the sample is trying to dilate, with the 

confining pressure being automatically increased to maintain the sample at a zero 

radial deformation condition.

5.5.3 Effect of initial grain size

Again, only the two larger grain sizes, 300 pm (Sadiyat Island ooids) and 425 pm, 

(Sadiyat Delta ooids) have been considered here. This is due to inconsistencies in
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grain size of 300 pm. Graph (b) shows data for Sadiyat Delta ooids with a grain size of 425 pm ((j»i = 
initial porosity)
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the dataset obtained for the smallest grain size AI Bahrani ooids, which would 

render a comparison unreliable.

Figure 5.13 shows the axial effective stress/axial strain uniaxial Kq compression 

data for samples of Sadiyat Island ooids A (300p,m) and Sadiyat Delta ooids S (425 

pm) saturated in pore fluids of inert hydrocarbon (Fig. 5.13(a)), rain water (Fig. 

5.13(b)) and sea water (Fig. 5.13(c)). The samples of each grain size all follow a 

distinct pattern regardless of which pore fluid type is present. For example, consider 

the samples saturated with an inert hydrocarbon (A-H60-KU and S-H60-KU) shown in 

Figure 5.13(a). The larger grain size sample (S-H60-KU) behaves similarly to the 

smaller grain size sample (A-H60-KU) at stresses below 20 MPa, and could even be 

considered as slightly weaker. However, with increasing stress, the smaller grain 

size sample begins to strain soften whereas, the larger grain size sample continues 

to deform at constant rate of stress until 35-40 MPa axial effective stress. Beyond 

this point, the larger grain size material also begins to strain soften.

These trends are mirrored in the stress paths in deviatoric stress/mean effective 

stress space (Figure 5.14). The smaller grain size ooids show an increased 

tendency to dilate over the larger grain size ooids. This can be said of the oolitic 

materials whether saturated in hydrocarbon, rain water or sea water.

5.5.4 Effect of axial displacement rate

Figures 5.15, 5.16 and 5.17 illustrate how the stress/strain curves, for each of the 

different grain size samples, are affected by variations in displacement rate. The 

graphs compare the uniaxial Kq compression data, collected in the oedometric cell 

(suffixed KC), with the uniaxial Hq compression data from the creep tests (suffixed C 

or CT), also performed in the oedometric cells, which are presented in Chapter 7. 

The data derived from the creep tests represents the initial loading of the samples 

prior to constant stress testing. This part of the creep tests was performed fairly 

rapidly with variable displacement rates which differ from test to test. However, 

these rates are consistently at least seven times greater than the displacement 

rates used for the standard uniaxial Kq compression tests performed in the 

oedometric cell (0.05 mm/min), with these rates ranging between 0.35 and 1.30 

mm/min. These figures equate to strain rates of 1.1 xlO^ s'̂  for the standard
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Fig. 5.13; /Vxlal effective stress/axial strain curves for the uniaxial compression data collected in the 
triaxial cell, at a constant displacement rate (x) of 0.05 mm/min. The plots show the effect of grain 
size (d) on the deformation. Two different grain size samples have been used: Sadiyat Island ooids A 
with a grain size of 300 pm and Sadiyat Delta ooids S with a grain size of 425 pm. Each graph shows 
data for samples saturated in different pore fluids: (a) inert hydrocarbon, H: (b) simulated rain water, R; 
(c) simulated sea water, S. ((j)i = initial porosity)
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Fig. 5.14: Stress paths in deviatoric stress/mean effective stress space for the uniaxial Kq 

compression data collected in the triaxial cell, at a constant displacement rate (x) of 0.05 mm/min. 
The plots show the effect of grain size (d) on the deformation. Two different grain size samples have 
been used; Sadiyat Island ooids A with a grain size of 300 pm and Sadiyat Delta ooids S with a grain 
size of 425 pm. Each graph shows data for samples saturated in different pore fluids: (a) inert 
hydrocarbon, H: (b) simulated rain water, R; (c) simulated sea water, S. (())i = initial porosity)
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uniaxial Kq compression and 7.7 x 10® s  ̂ to 2.8 x 10^ s  ̂ for the Kq compression 

data taken from the creep tests.

Before it can be established if changes in displacement rate affect the stress/strain 

behaviour of oolitic sands, it is important to ascertain if there is any effect of initial 

porosity on the ultimate strain state of all samples. Figure 5.18 shows the ultimate 

volumetric strains plotted against the initial porosities for samples of oolitic sand 

deformed at both rapid and standard displacement rates (0.05 mm/min). Both the 

large and intermediate grain size samples (Figs. 5.18(a) and (b)) show that there is 

a negligible effect of initial porosity on strain, whether rapidly compacted or not. The 

smaller grain size samples (Fig. 5.18(c)) show random relationships of porosity and 

strain. Hence, it can be said that for all samples there is no noticeable increase in 

strain with increased initial porosity regardless of the deformation rate.

Figure 5.15 shows the axial effective stress/axial strain plots for Sadiyat Delta 

ooids 8 (grain size 425 îm). The samples were uniaxially compressed in the 

presence of different pore fluids with Figure 5.15(a) showing the results of the inert 

hydrocarbon saturated samples and Figures 5.15(b) and (c) showing the results of 

the rain water and sea water saturated samples respectively. Despite an increase in 

displacement rate by a factor of at least seven, there is little variation to be seen in 

the stress/strain behaviour of both the rapidly and normally (0.05 mm/min) 

compacted datasets up to 30 MPa axial effective stress. At higher stresses, the 

more rapidly compressed samples, saturated in hydrocarbon and sea water (S-H60- 

C and S-S60-C), appear to be slightly stiffer than their equivalent more slowly 

compressed counterparts (S-H60-KC and S-S60-KC; Figs. 5.15(a) and (c)). However, 

samples saturated in rain water show negligible differences in stress/strain 

behaviour when compacted slowly or quickly (Fig. 5.15(b)).

The increased stiffness seen at high stresses in more rapidly compacted samples 

of Sadiyat Delta ooids is also seen in AI Bahrani oolitic sand. Figure 5.17 shows a 

comparison of stress/strain data for samples of AI Bahrani ooids, of grain size 212 

pm, deformed at different displacement rates. Samples saturated in hydrocarbon 

and rain water (Fig. 5.17(a) and (b)) deformed at the faster rates (B-H60-C and B- 

R60C) appear at first stronger than the more slowly deformed samples (B-H60-KC 

and B-R60-KC). However, the samples saturated in sea water (Fig. 5.17(c)) with a
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Fig. 5.15: /Vxial effective stress/axial strain curves for the uniaxial Kq compression, in the oedometric 
cell, of Sadiyat Delta ooids 8 of grain size 425 pm. Two datasets are presented which show the effect 
of axial displacement rate on the deformation: The standard uniaxial Kq compression data (-KC) was 
loaded at a constant displacement rate of 0.05 mm/min; Data from the initial loading of the creep 
tests (-CT), prior to constant stress testing was of variable displacement rate but was at least one 
magnitude greater than the standard uniaxial Kq compression rate of 0.05 mm/min. Samples have 
been saturated with different pore fluids: Graph (a) An inert hydrocarbon (H); Graph (b) Simulated rain 
water (R); Graph (c) Simulated sea water (S). ((j)i = initial porosity)
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Fig. 5.16; /Vxial effective stress/axial strain curves for the uniaxial Kq compression, in the oedometric 
cell, of Sadiyat Island ooids A of grain size 300 pm. Two datasets are presented which show the effect 
of axial displacement rate on the deformation: The standard uniaxial Kq compression data (-KC) was 
loaded at a constant displacement rate of 0.05 mm/min; Data from the initial loading of the creep 
tests (-CT), prior to constant stress testing, was of variable displacement rate but was at least one 
magnitude greater than the standard uniaxial K q compression rate of 0.05 mm/min. Additional uniaxial 
compression (KU) data have been plotted to show the effect of porosity. Samples have been saturated 
with different pore fluids: Graph (a) An inert hydrocarbon (H); Graph (b) Simulated rain water (R); Graph 
(c) Simulated sea water (S). ((j>i = initial porosity)
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Fig. 5.17: Axial effective stress/axial strain curves for the uniaxial Kq compression, in the oedometric 
cell, of AI Bahrani ooids B of grain size 212 |xm. Two datasets are presented which show the effect of 
axial displacement rate on the deformation: The standard uniaxial Kq compression data (-KC) was 
loaded at a constant displacement rate of 0.05 mm/min; Data from the initial loading of the creep 
tests (-CT), prior to constant stress testing, was of variable displacement rate but was at least one 
magnitude greater than the standard uniaxial Kq compression rate of 0.05 mm/min. Samples have 
been saturated with different pore fluids: Graph (a) An inert hydrocarbon (H); Graph (b) Simulated rain 
water (R); Graph (c) Simulated sea water (S). ((|)i = initial porosity)
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difference In loading rate of approximately one degree of magnitude appears to have 

little effect on the stress/strain behaviour of the samples. Conversely, samples of 

the Intermediate grain size oolitic sand (Sadiyat Island ooids) show that the more 

rapidly compacted samples are generally weaker (Fig. 5.16), regardless of the 

saturating fluid.

In summary, the general stress/strain behaviour of oolitic sands appears to show 

no distinct trends as a direct result of Increases in strain rate by factors ranging 

from 7 to 28 (Figs. 5.15, 5.16 and 5.17). In addition, the data has shown that 

there Is no obvious effect of the Initial porosity on the strain behaviour of oolitic 

sands, regardless of whether the samples have been deformed at a rapid (0.35- 

1.30 mm/mln) or standard (0.05 mm/mln) displacement rate (Fig. 5.18). From 

these observations. It can be Inferred that any differences In stress/strain 

behaviour are not as a result of Initial porosity or variation In displacement rate at 

the range Investigated. It Is therefore likely, that these differences can be 

accounted for by discrepancies In experiment repeatlblllty. In conclusion. It can be 

said that an Increase In strain rate from 1.1 x 10® s  ̂to rates ranging between 7.7 x 

10® s  ̂ to 2.8 X 10"* s  ̂ has a negligible effect on the stress/strain behaviour of 

oolitic sands.

5.5.5 Summary

The stress paths In deviatoric stress/mean effective stress space, for the uniaxial 

Kq compression experiments, all follow a similar trend: The mean effective stress 

Increases at a Increasingly faster rate than the deviatoric stress. This results In a 

slightly 'convex up' path (e.g. Fig. 5.1(b)). This behaviour Indicates that the sample 

Is attempting to dilate with Increasing deviatoric stress, resulting In an Increase In 

confining pressure (to maintain zero radial strain) and, hence, an Increase In mean 

effective stress. This behaviour Is the same for each of the three ooid grain sizes 

(425 îm, 300 pm and 212 pm) whether saturated with an Inert hydrocarbon, 

simulated rain water or simulated sea water (Figs. 5.1(b)-5.9(b)). As radial stress 

cannot be measured In oedometric cells, only data collected In the triaxial cell has 

been plotted to show the stress paths.

For the two larger grain size samples (Sadiyat Delta ooids, 425 pm and Abu Dhabi
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ooids, 300 îm), tested In the triaxial cell, the axial effective stress/axial strain 

curves also show similar trends: Up to approximately 7 MPa axial effective stress 

and 2.0-2.5% strain, the samples all show stiffening with increasing stress (the 

initial concave down part of the curve). After this point, strain accumulates at a 

constant rate with increasing stress, until a further point, which varies from 25-35 

MPa effective stress and 5-6% axial strain, where the samples begin to show a 

slight compliance with increasing stress i.e. the curve becomes slightly convex. The 

samples then deform to 60 MPa effective stress with a fairly constant increase in 

strain. This behaviour was seen to be similar in all samples whether saturated with 

hydrocarbon, rain water or sea water (Figs. 5.1(a)-5.6(a)).

For these two larger grain size samples (Sadiyat Delta and Sadiyat Island ooids), the 

uniaxial Kq compression stress/strain data collected in the triaxial cell are in 

reasonably good agreement with the equivalent data collected in the oedometric 

cell. Any discrepancies are probably due to cell wall friction in the oedometric tests 

(Figs. 5.1(a)-5.6(a)).

For the smallest grain size ooid samples (AI Bahrani Delta ooids (212 pm)), 

stress/strain behaviour similar to that for the larger grain size samples is seen in 

the data collected in the triaxial cell (Figs. 5.7(a)-5.9(a)). However, there are large 

differences in strains (up to 4%) between data gathered in the triaxial and 

oedometric cells which cannot be explained simply by cell wall friction effects and 

initial porosities. There are also large variations in the initial porosities (of up to 

3.4%) of the samples saturated in the different pore fluids. However, comparisons 

of initial porosity values with ultimate strain magnitudes for all samples has shown 

that deformation is not significantly affected by the initial porosity (Fig. 5.10).

The presence of different pore fluids has no appreciable effect on the stress/strain 

deformation of oolitic sands under uniaxial Kq compression at a loading rate of 0.05 

mm/min (Figs. 5.11 and 5.12). However, at stresses above 18 MPa deviatoric 

stress, the hydrocarbon-saturated samples do appear to sustain higher shear 

stresses than the aqueous-fluid saturated samples (Fig. 5.12). This is most distinct 

with the larger (425 pm) grain size samples (Fig. 5.12(b)), with the aqueous-fluid- 

saturated samples exhibiting an increased tendency to dilate with increasing stress. 

It should be noted that only the two larger grain size samples (300 pm and 425 pm)
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were compared for the effect of pore fluid type. This is due to the inconsistencies in 

the data of the smallest grain size sample (see Section 5.5.1.4).

With regard to grain size effects, larger grain size samples behave similarly to the 

intermediate grain size samples at stresses below 20 MPa, with all samples 

stiffening. However, with increasing stress, the intermediate grain size samples 

yield whereas, the larger grain size samples continues to deform at constant rate of 

stress until approximately 30 MPa axial effective stress (Fig. 5.13). Beyond this 

point, the larger grain size materials also become compliant. The stress paths in 

deviatoric stress/mean effective stress space show similar trends as a result of 

grain size (Figure 5.14). The intermediate grain size samples show a tendency to 

dilate at lower deviatoric stresses. Again, the smallest grain size material was not 

used in the comparison of data to establish the effect of grain size. This is due to 

data inconsistencies (see Section 5.5.14).

With regard to the effect of displacement rate on uniaxial Hq compression, increases 

from 0.05 mm/min to 0.35-1.30 mm/min have no consistent effect on the 

stress/strain behaviour of the sediments (Figs. 5.15-5.17).

5 .6  Microstructural analysis results

At low temperature and pressure upper crustal conditions, time-independent 

mechanisms include frictional grain boundary sliding, elastic deformation and fast- 

propagating fracture mechanisms (Groshong 1988, Knipe 1989, Brzesowsky 1995). 

Identification of frictional grain boundary sliding and elastic deformation is difficult, 

as these mechanisms often leave little or no microstructural evidence of their 

operation, with the grains often remaining undeformed after compaction. However, 

microstructural analysis can reveal different grain breakage and grain contact types. 

Thus, the influence of certain deformation mechanisms such as pressure solution 

and propagating fracture can be assessed.

Point counting techniques were used to determine proportions of both types of 

grain-to-grain contacts and types of grain breakage. Figures 5.19 and 5.20 show 

examples of the types of breakages counted (spalled, diagonally fractured, buckled.
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Spalled
Crushed 

Diagonally fracturedBuckled

Fig. 5.19: Photomicrographs showing types of grain breakage found in deformed oolitic sand. Post 
deformation, samples have been impregnated with resin and thin sectioned. Nomenclature is after 
Coogan (1970) and Ayer (1971) as shown in Fig. 1.2. Field of view is 1.8 mm.
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(a)

Fig. 5.20; SEM photomicrographs showing (b) a spalled fracture in an ooid and (a) 
transgranular/diagonal fracture in an ooid.
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Indented

Crushed 

Longitudinal

Fig. 5.21: Photomicrographs showing crushed, longitudinal and indented types of grain-to-grain contacts 
found in deformed oolitic sand. Post deformation, samples have been impregnated with resin and thin 
sectioned. Nomenclature is after Coogan (1970) and Ayer (1971) as shown in Fig. 1.2. Field of view is 
1.8 mm.

201



1̂

Concavo-convex

Crushed Point

Fig. 5.21(cont): Photomicrographs showing types of grain breakage found in deformed oolitic sand. Post 
deformation, samples have been impregnated with resin and thin sectioned. Nomenclature is after 
Coogan (1970) and Ayer (1971) as shown in Fig. 1.2. Field of view is 1.8 mm for the top photograph 
and 0.6 mm for the bottom photograph.
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(a)

Fig. 5.22: SEM photomicrograph of (a) an ooid showing a crushed contact area as a result of grain-to- 
grain contact deformation. The photomicrographs overleaf ((b) and (c)) clearly show that the crushing is 
accommodated by breakage of the aragonite laths composing the outer ooid cortex. Photomicrograph 
(b) shows a magnified image of the structure of the aragonite laths forming the ooid cortex in an 
uncrushed area. Conversely, photomicrograph (c) shows aragonite laths in the crushed zone. The 
crushed are is composed of broken aragonite laths which are up to 500 nm in length, whereas, the 
unbroken aragonite laths have a length of 1-2 microns.
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(b)

(c)

X 20080
t / V

5 0 0  nm

M I C R O - P

Fig. 5.22(cont.): SEM photomicrographs showing the surface of ooid (a) overleaf with (b) showing a 
magnified view of an uncrushed zone and (c) a magnified view of a crushed contact area. It can clearly 
be seen that the letter's aragonite laths are broken and reduced in size from around 1-2 pm in length, 
as seen in (b), to less than 500 nm.
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split) and Figures 5.21 and 5.22 show types of grain-to-grain contacts counted 

(point, crushed, concavo-convex, longitudinal). The samples showed similar textures 

to those described by Coogan (1970), Ayer (1971) and Bhattacharyya and Friedman 

(1979, 1984) and illustrated in Figure 1.2.

However, where these authors describe sutured contacts (Fig. 1.2), the term 

crushed contact has been used here. This is because, from the point-counting and 

SEM studies, no evidence was found to conclude that any contacts were a result of 

pressure solution. Furthermore, SEM results presented here show that these 

contacts are a result of aragonite lath breakage at the micron-scale (Fig. 5.22). In 

addition, SEM studies showed that longitudinal contacts and concavo-convex 

contacts are also a result of microfracturing of the aragonite laths forming the ooid 

layers. Hence, longitudinal and concavo-convex contacts are truly crushed contacts 

for ooids which have been more extensively deformed.

No XRD data is available for samples having undergone time-independent uniaxial 

compression. This is because results already gathered for samples undergoing time- 

dependent uniaxial compression showed this was not necessary as any changes 

in mineralogy seen were within the error limits (see Section 7.6).

Post-deformation, several samples collapsed as they were removed from the 

apparatus. Hence, these samples were not impregnated with resin or thin-sectioned 

for microstructural studies. As a result of this, several sets of point count data are 

absent from the following section.

5.6.1 Effect of stress magnitude

Figures 5.23, 5.24 and 5.25 show the grain breakage and grain-to-grain contact 

proportions with increasing axiai effective stress for each sampie type.

5 .6 .1 .1  Sadiyat Delta ooids (425 |im)

Figure 5.23 shows the point count proportions, in percent, for Sadiyat Delta ooids of 

both grain breakage types (Fig. 5.23(a)) and grain contact types (Fig.5.23(b)) as a 

function of effective stress magnitude and pore fluid type.
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Fig. 5.23: Bar charts comparing the proportions of different types of (a) grain breakages and (b) grain contacts for ooid samples of Sadiyat Delta ooids S, of grain size 425 )j,m. 
Samples have undergone uniaxial compression, in the oedometric cell, to 7, 32 or 60 MPa axial effective stress (0 ’̂), as indicated. The charts show the effect of varying pore 
fluid type; inert hydrocarbon; simulated rain water; simulated seawater. Post-deformation, samples have been impregnated with resin and thin-sectioned parallel to the direction 
of the applied stress. Point counts, of 300 ooids per thin-section, give the proportions of (a) grain breakage modes: spalled; split; diagonally fractured; buckled ooids and (b) 
grain contact types: point; concavo-convex; longitudinal; crushed; indented.
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Despite the absence of some microstructural data, a trend in deformation textures 

can be seen as a consequence of the magnitude of the final effective stress 

experienced. At an axial effective stress of 7 MPa (SR07-KC), 98.3% of grains 

remain intact (Fig. 5.23(a)). Of the remaining counted grains, the only notable mode 

of grain breakage is diagonal or transgranular fracture, with 1% of grains showing 

this. At 32 MPa axial effective stress (S-R32-KC and S-S32-KC), intact grains 

represent 77^82% of the total. Significant proportions of both diagonally fractured 

grains (10-12%) and spalled grains (7-8%) are now present, whilst other modes of 

grain breakage remain insignificant.

However, this is not the case at 60 MPa axial effective stress (Fig. 5.23(a)). At this 

higher stress magnitude, the proportion of intact grains reduces dramatically to 40- 

50% of the total counted. In addition, spalling becomes the dominant mode of 

failure with proportions of approximately 22-29% of the total. Diagonally fractured 

grains continue to be significant with the proportion rising to 15-18%. At this stress 

magnitude, crushed grains, not seen at the lower stresses of 7 and 32 MPa, now 

appear in significant numbers (8-11%).

As with types of grain breakage, trends with increasing stress magnitude are also 

seen in the proportions of different grain-to-grain contacts (Fig. 5.23(b)). At 7 MPa 

axial effective stress, point contacts represent approximately 95% of all contact 

types. The remainder of contacts (approximately 5%) being crushed contacts. At 32 

MPa axial effective stress, the proportion of point contacts is less, at 70-75%, with 

a concordant rise in crushed contacts to 15% of the total. In addition, indented 

contacts and concavo-convex contacts now occur in proportions of approximately 3- 

7%. At 60 MPa, these trends continue, but with decreasing proportions of point 

contacts (32-36%) and simultaneous increases in crushed (25-32%), indented (16- 

21%) and concavo-convex (12-15%) contacts. At this stress magnitude, small 

numbers of longitudinal-type contacts are also seen. However, these are only found 

in 2-5% of the total grain contacts.

5.6.1.2 Sadiyat Island ooids (300 pm)

Figure 5.24 shows the proportions of different grain breakage types (Fig. 5.26(a)) 

and grain contact types (Fig. 5.24(b)) seen in Sadiyat Island ooids. With increasing
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stress magnitude similar trends in deformation textures are seen as for the larger 

grained Sadiyat Delta ooids (Fig. 5.23). Again, diagonal fracturing is the first type of 

deformation texture to be seen in any significant numbers (e.g. 3% for A-S07-KC at 

7 MPa) with 95% of grains remaining unbroken. However, spalling becomes the 

dominant breakage mode (22-25%), over diagonal fracturing (7-12%), at the 

intermediate stress of 32 MPa, whereas with the larger grained Sadiyat Delta ooids 

this dominance occurred at the higher stress of 60 MPa. In addition, at 60 MPa 

axial effective stress, both spalled grains (32-37%) and crushed grains (10-20%) are 

dominant over diagonally fractured grains (6-10%). The proportions of unbroken 

grains found at 32 and 60 MPa are 57-60% and 29-38%, respectively.

With regard to types of grain contacts seen in samples of Sadiyat Island ooids, 

compressed to effective stress magnitudes of 7, 32 and 60 MPa, the trends are 

similar to those seen in samples of Sadiyat Delta ooids (see Section 5.6.1.1).

5 .6 .1 .3  AI Bahrani ooids (212 |im)

Figure 5.25 shows the proportions of deformation textures seen in samples of AI 

Bahrani ooids compressed to different axial effective stresses. The trends in grain 

breakages are more similar to those of the largest grain size samples (Sadiyat Delta 

ooids. Fig. 5.23(a)) than those of the intermediate grain size sample (Sadiyat Island 

ooids. Fig. 5.24(a)). As with the Sadiyat Delta ooids, diagonally fractured grains (Fig. 

5.25(a)) are the most commonly seen broken grain at all stresses up to 60 MPa 

(e.g. 13-17% at 60 MPa). Although, at 60 MPa axial effective stress, the proportion 

of diagonally fractured grains is almost matched by the number of spalled grains 

(13-16%). A higher percentage of unbroken grains are seen than for the other 

samples. For example, at 60 MPa, 46-58% of the total grains are unbroken 

compared with 38-49% for the Sadiyat Delta ooids and 29-37% for Sadiyat Island 

ooids.

Trends in proportions of contact types with increasing stress are again similar for AI 

Bahrani ooids (Fig. 5.25(b)) as for Sadiyat Island (Fig. 5.24(b)) and Sadiyat Delta 

ooids (Section 5.6.1.1, Fig. 5.23(b)). However, one distinct change In trend is seen 

at 60 MPa axial effective stress, with indented contacts (6-13%) proving more 

dominant than concavo-convex type contacts (2-6%).
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5.6.2 Effect of pore fluid type

As well as showing how stress magnitude affects the deformation textures of the 

ooiitic samples, Figures 5.23, 5.24 and 5.25 also show the effect of pore fluid type. 

At effective stress magnitudes of 7 and 32 MPa, the influence of pore fluid type is 

negligible. However, at the highest stress magnitude of 60 MPa there are some 

differences in the deformation textures seen when samples have been deformed in 

the presence of different pore fluids. At 60 MPa, Sadiyat Delta ooid samples exhibit 

more spalling (Fig. 5.23(a)) and more crushed grain-to-grain contacts (Fig. 5.23(b)), 

when saturated with aqueous fluids as opposed to hydrocarbon. These differences 

are only of the order of approximately 7%, but sufficient to indicate a trend.

For Sadiyat Island ooids trends in deformation textures seen, as a result of pore 

fluid type present, are not so distinct. However, in agreement with trends seen for 

the larger grain size Sadiyat Delta ooids, Sadiyat Island ooids also show more 

crushed grain-to-grain contacts at 60 MPa in the presence of an aqueous pore fluid 

(Fig. 5.24(b)). In addition, the hydrocarbon saturated sample at 60 MPa (A-H60-KC), 

contains twice as many crushed grains (20%) as found in the aqueous fluid 

saturated samples (approximately 10%) at the same stress magnitude (Fig. 

5.24(a)).

For the smallest grain size oolitic sand samples, from AI Bahrani Delta, there are no 

distinct trends seen in deformation textures as a result of the pore fluid type used 

to saturate the sampies. However, it should be noted that the rain water saturated 

sample does show a slight increase (6%) in the number of crushed grain-to-grain 

contacts compared with the other samples deformed at 60 MPa axial effective 

stress (Fig. 5.25(b)).

5.6.3 Effect of initial grain size

Figures 5.26, 5.27 and 5.28 show the effect of initial grain size on grain breakage 

and grain contact type. As in Sections 5.6.1 and 5.6.2, the data are displayed for 

samples deformed at increasing effective stress magnitudes of 7, 32 and 60 MPa. 

To demonstrate any variation in deformation texture as a consequence of initial 

grain size distribution, samples saturated with the same pore fluid type are
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compared and described together.

5 .6 .3 .1  Hydrocarbon saturated samples

A comparison of deformation textures cannot be made for samples deformed at 7 

MPa, as microstructural datasets for samples A-H07-KC and S-H07-KC were not 

obtained. At stresses of 32 MPa, despite the absence of data for sample SH32-KC, 

the available data, A-H32-KC and B-H32-KC, show little difference In the types of 

graln-to-grain contacts seen (5.26b)). However, In Figure 5.26(a), the larger grain 

size sample (A-H32-KC) has considerably more broken grains than the smaller grain 

size sample (B-H32-KC). The AI Bahrani Delta ooids (B) have 85% of grains 

undeformed compared with 57% for the larger grain size Sadiyat Island ooids (A). 

These differences are accounted for by an Increased proportion of spalled grains 

(22% compared with 4%) and crushed grains (8% compared with 2%) found In the 

Sadiyat Island ooid sample (A-H32-KC). At 60 MPa axial effective stress, both the 

smallest (B-H60-KC) and largest (S-H60-KC) grain size samples have 16-18% more 

unbroken grains than the Intermediate grain size sample A-H60-KC and higher 

proportions of fractured grains (Fig. 5.26(a)). Accordingly, the Intermediate grain size 

sample A-H60-KC has higher proportions of both spalled and crushed grains than 

either of the other two samples. However, the deformation textures. In terms of 

graln-to grain contacts appear unaffected by grain size when the sample Is saturated 

with hydrocarbon and deformed at 60 MPa effective stress (Fig. 5.26(b)).

5 .6 .3 .2  Rain water saturated samples

At 7 MPa axial effective stress, broken grains are almost negligible for all of the 

different grain size samples (Fig. 5.27(a)). However, the graln-to-grain contact types 

do show trends with Increasing grain size of the sample. Figure 5.27(b) shows the 

number of point contacts present Increases with Increasing grain size from 80% to 

94%. Accordingly, the proportions of longitudinal and crushed type contacts 

decreases with Increasing grain size (Fig. 5.27(b)). Similar trends In grain contact 

texture Is seen at 32 MPa axial effective stress but with the proportions of contact 

types Increasing with the stress Increase. The style of grain breakage at 32 MPa Is 

more random, with diagonally fractured grains Increasing slightly In numbers with 

Increasing grain size, but spalled grains being very dominant In the Intermediate
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grain size sample A-R32-KC (Fig. 5.27(a)). This is also true when sample are 

deformed at 60 MPa, although less variation is seen between the largest (SR60-KC) 

and intermediate (A-R60-KC) grain size samples (Fig. 5.27(a)). At 60 MPa, the 

trends seen with grain contact types, at the lower stresses, are not as distinct but 

are still present.

S.6.3.3 Sea water saturated samples

Figure 5.28 shows the microstructural data for the sea water saturated ooid 

samples. At 7 MPa very little can be deduced from the results as data for sample S- 

S07-KC is missing and in the remaining samples, little deformation of the grains 

has occurred. However, there are less grain-to-grain crushed and longitudinal 

contacts in sample A-S07-KC compared with the smaller grain size sample B-S07- 

KC, as also seen in hydrocarbon and rain water saturated samples.

At 32 MPa, the same trends in grain breakage and grain contact styles occur in the 

sea water saturated samples (Fig. 5.28) as described for the rain water saturated 

samples (Section 5.6.3.2): The intermediate grain size sample A-S32-KC again 

shows the most breakage, with this being dominated by spalling of grains (Fig. 

5.28(a)). Additionally, deformation at grain contacts increases with decreasing grain 

size (Fig. 5.28(b)), as also seen with samples saturated in rain water (Fig. 5.27(b)).

At 60 MPa axial effective stress, the smallest grain size sample B-S60-KC shows 

the least grain breakage with the intermediate grain size sample A-S60-KC showing 

the most (Fig. 5.28(a)), as also seen with the rain water saturated samples (Fig. 

5.27(a)). Also in agreement with the rain water saturated samples (Fig. 5.27(a)), the 

intermediate grain size sample A-S60-KC contains the most significant number of 

spalled grains (Fig. 5.28(a)), but also contains the least amount of diagonally 

fractured grains. Whereas, diagonal fracturing is the most dominant fracture type 

seen in the smallest grain size sample B-S60-KC.

Grain-to-grain contacts found within samples saturated with seawater vary more with 

grain size than when saturated with rain water. The smallest grain size sample B- 

S60-KC shows the least contact deformation of all the grain sizes (Fig. 5.28(b)). 

This result appears anomalous as the proportion of contact deformation decreases
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by 5% compared with the sample deformed at 32 MPa (B-S32-KC). The most contact 

deformation is found in the intermediate grain size sample A-S60-KC (Fig. 5.28(b)). 

This sample also contains the highest number of spalled grains (43%), with other 

sampies containing approximately 10% less. Indentation at grain contacts does 

show a trend with grain size with the number of indented grains increasing with 

increasing grain size.

5.6.4 Summary

The data presented have shown that there are characteristic deformation textures 

that correspond to the magnitude of the maximum effective stress applied to the 

oolitic sand. These trends are generally found to be independent of pore fluid type 

or grain size. At the lowest stress of 7 MPa, 95%, or greater, of all grains are 

undeformed. The grains which are deformed are almost exclusively diagonally 

fractured and/or show grain-to-grain crushed contacts.

At the intermediate stress of 32 MPa, only 52-86% of grains are unbroken and both 

diagonally fractured and spalled grains occur in significant numbers. Significantly, 

the most grain breakage occurs in the intermediate grain size ooids (Sadiyat island 

ooids) with only 56-62% remaining unbroken. This is true for sampies in all pore 

fluids. In addition, whereas diagonal/transgranular fracturing is generally more 

dominant in the largest and smallest grain size sampies (Sadiyat Delta and Ai 

Bahrani Delta ooids respectively), spalling is more dominant in the intermediate 

grain size samples (Sadiyat island ooids). Both types of grain breakage occur in 

greater numbers than seen at 7 MPa. There is a general trend of increased 

deformation at grain-to-grain contacts, with the least contact deformation seen in 

the smallest grain size sampies (Figs. 5.25(b)-5.28(b)). However, this grain size 

trend is not seen at the higher stress magnitude of 60 MPa (Figs. 5.27(b)-5.30(b)). 

At the maximum axial effective stress of 60 MPa, the dominant type of breakage 

seen is spalling, except in the smallest grain size sampie where diagonal fracturing 

is equally dominant (Figs. 5.25(a)-5.28(a)). However, it should be noted that the 

intermediate grain size sampie again consistently shows the most grain breakage 

(Figs. 5.26(a)-5.28(a)).

The trends seen in the grain-to-grain contacts and types of grain breakage with
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Increasing stress magnitude are illustrated in Figures 5.29-5.31. These plots show 

the proportions of deformed grain types against increasing stress magnitude. From 

the three diagrams, it can be seen that the number of crushed grains, in the grain 

breakage data, increases markedly between 32 and 60 MPa. Diagonal fracturing 

tends to increase in proportion steadily to 32 MPa and then remains relatively 

constant. Spalled grains generally increase constantly in numbers throughout the 

whole stress range. Buckled and split grains represent only a few percent of the 

total population of broken grains, and do not show any significant trends with 

increasing stress.

Grain-to-grain contacts also show trends with increasing stress. Crushed contacts 

generally show a large increase in numbers up to 32 MPa and then the increase 

becomes less rapid. Conversely, indented-type contacts show a steady increase to 

32 MPa and then a rapid increase in numbers from 32 to 60 MPa. Concavo-convex 

and longitudinal contacts represent a minority and show no general trends with 

increasing stress.

At effective stresses of 7 and 32 MPa, no trends in texture are seen as a result of 

the pore fluid type present. At the highest stress of 60 MPa and in the largest grain 

size samples, aqueous fluids do appear to promote higher degrees of spalling and 

crushed grain-to-grain contacts. However, in general it can be said that no significant 

trends in deformation texture are seen as a direct result of pore fluid chemistry.

One significant trend in deformation texture is seen as a result of variation in 

sample grain size. The intermediate grain size samples consistently show higher 

proportions of broken grains than both the largest and smallest grain size samples, 

regardless of pore fluid type present. Generally, the increased number of broken 

grains are accounted for by greater proportions of spalling and relatively less 

transgranular fracturing. These trends are seen at stresses of both 32 and 60 MPa 

and in all pore fluids. However, there appear to be no significant trends in the type 

of grain-to-grain contacts as a direct result of grain size.

X
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5.7 Discussion

Recent studies of sediment deformation have been summarised in Chapter 3, 

These studies include the development of micromechanical models which have 

shown, firstly, that uniaxial Kq compression has a grain size dependence which itself 

is dependent on a grain shape departure from sphericity (Brzesowsky 1995). 

Secondly, the critical pressure for grain crushing depends on both sediment porosity 

and grain size (Zhang et al. 1990). However, this discussion will show that neither 

of these models can be specifically applied to the data presented here. This is 

thought to be due to the unique nature of oolitic sands.

5.7.1 Effect of stress magnitude

Over the stress range studied, the uniaxial Kq compression of oolitic sands results 

in a general pattern of behaviour regardless of grain size or pore fluid type present. 

Figure 5.32 shows the general deformation characteristics for stress/strain 

behaviour and trends in stress path, to 60 MPa axial effective stress.

Up to 7 MPa, there is an initial stiffening (Fig. 5.32). Microstructural studies 

(Section 5.6.4 and Fig. 5.32) have shown that negligible grain fracturing or 

deformation occurs up to this stress magnitude with almost all grains remaining 

intact. Hence, the resultant strains are almost certainly a result of intergranular 

frictional sliding and elastic deformation at grain contacts. The stiffening behaviour 

is a consequence of the grains rearranging to a more closely packed configuration 

until a metastable equilibrium occurs (Wong at al. 1993, Behringer and Baxter 

1994, Adams and Briscoe 1994). This packing results in an increasing stiffness of 

the sample. Once the grains are locked’, straining continues by the elastic 

deformation of grain contacts.

At 32 MPa axial effective stress, the elastic limit of the grains has already been 

exceeded, with significant grain fracturing occurring of the order of 20-25% (Fig. 

5.32). These grain breakages are a mixture of spalling and diagonal/transgranular 

fractures. In addition, crushed grain-to-grain contacts account for almost 20% of all 

grain-to-grain contacts (Fig. 5.32). These deformations indicate that by 32 MPa the 

critical pressure (Zhang at al. 1990, Hagerty at al. 1993) has been reached and
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grain crushing has commenced. The onset of grain crushing Is known to occur where 

there Is an Inflection In the stress/strain data (Lee and Farhoomand 1967, Lambe 

and Whitman 1979, Zhang et al. 1990, Hagerty et ai. 1993). Critical pressures for 

oolitic sands are discussed further In Section 5.7.5 where they are compared with 

data from other workers.

The onset of grain crushing results In an Increased tendency for the sample to 

dilate, as shown by the stress path In Figure 5.32. Earlier compaction has already 

resulted In a more dense packing grain arrangement. The newly broken grains 

undergo further frictional grain boundary sliding and grain rearrangement and from 

an already densely packed sample, this results In a tendency towards sample 

dilation (Atkinson and Bransby, 1978, Atkinson, 1993, Kageson-Loe 1993). 

However, as the sample Is laterally confined this dilation can not occur and there Is 

a resultant Increase In confining pressure and mean effective stress (Fig. 5.32).

At 60 MPa axial effective stress, there has been considerable deformation of 

Individual grains, with approximately 60% being broken and 65% showing graln-to- 

graln contact deformation. Again, grain breakage Is dominated by spalling and 

transgranular fractures. However, there Is now a significant proportion (10%) of 

crushed grains which have become completely disaggregated. Crushing at grain 

contacts Is also very significant with over 30% of grains showing this. In addition. 

Indented and concavo-convex contacts appear In significant numbers. These are 

both types of crushed contacts which result from continued deformation and 

microfracturing of the ooids (Section 5.6.4). This continuing Increase In grain scale 

deformation Is shown at the sample scale by further stiffening with Increasing strain 

(Fig. 5.32).

Maximum effective stress magnitude was limited to 60 MPa for the experiments 

presented here. In similar experiments, Bhattacharyya and Friedman (1984) 

compacted oolitic sand to effective stress magnitudes of 149 MPa (Section 1.2). 

The ooids used were all of 300 pm median grain size and so can be directly 

compared with the Sadiyat Island ooids tested here which are of the same grain 

size. However, It should be noted that most of their experiments were conducted at 

temperatures of 150°C compared with the room temperature conditions Imposed on 

experiments presented here. Finally, as Bhattacharyya and Friedman’s
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Investigations were limited to microstructural studies, a comparison of stress/strain 

behaviour and stress path characteristics cannot be made.

Figure 5.33 shows how the proportions of types of grain breakage and graln-to grain 

contacts Increase with Increasing stress magnitude, for oolitic sand samples 

saturated In seawater. Data for the effective stress range 7-60 MPa are taken from 

this study (Section 5.6.4), whereas data for the effective stress range 75-141 MPa 

are after Bhattacharyya and Friedman (1984) and as reported In Table 1.1.

Bhattacharyya and Friedman (1984) noted from their data that there was no 

appreciable difference In grain fracture types seen as a result of a temperature 

Increase to 150®C (Section 1.2). Results from this present study agree with this 

observation, showing a reasonable correlation of Bhattacharyya and Friedman’s data 

despite the temperature and stress Increases (Fig. 5.33(a)). Bhattacharyya and 

Friedman (1984) postulated that an Increase In temperature from 20-150°C results 

In a dominance of crushed graln-to-grain contacts over longltudlnal/concavo-convex 

contacts. However, this conclusion was based on a single result. In addition, this 

finding Is questionable as It has already been established from SEM studies that 

longltudlnal/concavo-convex contacts are a type of crushed contact with grains 

undergoing Increased mIcro-crackIng of aragonite laths In the oold cortex (Section 

5.6.4). Hence, longitudinal and concavo-convex contacts only exist as a result of 

further crushing of an Initial crushed contact. In disagreement with Bhattacharyya 

and Friedman (1984), Figure 5.33(b) shows that with Increased stress and 

temperature there Is a relative Increase In the proportions of longitudinal and 

concavo-convex contacts. From SEM studies It Is known that longitudinal and 

concavo-convex contacts result from extensive microfracturing of the oold cortices 

(5.6). Hence, with Increasing temperature. It Is apparent that there Is an Increase In 

microfracturing at the sub-grain scale. This Is the case whether the samples are 

saturated In seawater or freshwater (Figs. 5.33(b) and 5.34(b)).

From 7 to 60 MPa axial effective stress, both grain fracturing and graln-to-grain 

crushing Increase continuously. However, between 75 and 125 MPa Increasing 

effective stress results In the proportions of grain breakage and grain contact types 

remaining approximately constant. Beyond this, further Increases In grain fracturing 

recommence between 125 and 141 MPa axial effective stress (Fig. 5.33).
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Fig. 5.33: Plots showing the trends in proportions of (a) grain breakage types and (b) grain-to-grain 
contact types with increasing axial effective stress during uniaxial K q compression. Samples studied are 
all ooids of 300 pm grain diameter and are saturated in seawater. Data for stresses to 60 MPa is from 
this study whereas, data for stresses ranging 75-141 MPa is after Bhattacharyya and Friedman (1984). 
It should be noted that concavo-convex and longitudinal contacts are extreme types of crushed 
contacts. Hence, they could be all grouped together.
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contact types with increasing axial effective stress during uniaxial Kq compression. Samples studied are 
all ooids of 300 pm grain diameter and are saturated in fresh water. Data for stresses to 60 MPa is 
from this study whereas, data for stresses ranging 85-149 is after Bhattacharyya and Friedman (1984). 
It should be noted that concavo-convex and longitudinal contacts are extreme types of crushed contacts 
and could be categorised together.
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Bhattacharyya and Friedman’s (1984) samples show no significant changes in 

deformation texture when subjected to stresses of 75-125 MPa. Therefore, any 

strain accumulated during this deformation must be predominantly a result of 

further grain rearrangement by frictional grain boundary sliding. Hence, for seawater 

saturated oolitic sands, of 300 pm median grain size, deformation occurs by grain 

boundary frictional sliding and grain rearrangement to 7 MPa, grain fracturing and 

grain-to-grain contact crushing initiates between 7 and 32 MPa and increases 

continuously to 75 MPa. Between 75 and 125 MPa axial effective stress, grain 

crushing and fracturing is minimal and deformation is continued by further grain 

boundary sliding and grain rearrangement. On a stress/strain curve this high stress 

grain boundary sliding and grain rearrangement would manifest itself as a further 

episode of stiffening behaviour (see Fig. 5.32). However, at between 125 and 141 

MPa axial effective stress, grain fracturing begins to increase once more.

5.7.2 Effect of pore fluid type

In addition to the above experiments conducted on oolitic sand saturated in 

seawater, Bhattacharyya and Friedman (1984) produced a set of uniaxial Kq 

compression experiments on oolitic sand saturated with distilled water. Figure 5.35 

combines results from similar samples of this study with those of Bhattacharyya 

and Friedman (1984). Hence, the deformation textures of oolitic sand samples 

saturated with simulated rainwater and compacted to axial effective stresses of 7- 

60 MPa (this study), were compared with the deformation textures of oolitic sand 

samples saturated in distilled water and compacted to effective stresses of 85-149 

MPa (Bhattacharyya and Friedman 1984).

The results and deformation behaviour are shown to be similar to that seen in 

seawater saturated samples: The deformation textures indicate that deformation 

occurs by grain boundary frictional sliding and grain rearrangement to 7 MPa, grain 

fracturing and grain-grain contact crushing initiates between 7 and 32 MPa and 

increases between 7 and 75 MPa. Between 75 and 125 MPa axial effective stress, 

grain crushing and fracturing is minimal and deformation is continued by further 

grain boundary sliding and grain rearrangement. However, whereas grain fracturing 

recommenced between 125 and 141 MPa axial effective stress in the seawater 

saturated sample, this is not the case with the freshwater saturated sample: The
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proportions of undeformed grains remain constant and deformation continues by 

frictional grain boundary sliding and grain rearrangement until the maximum 

effective stress of 149 MPa Is attained. Hence, Bhattacharyya and Friedman’s 

(1984) uniaxial Kq compression data have shown that Increasing oold deformation 

occurs as a result of Increased pore fluid salinity at axial effective stresses greater 

than 125 MPa and at a temperature of 150°C.

Bhattacharyya and Friedman (1984) also noted that, across the stress range 75- 

149 MPa, Increasing salinity results In a greater proportion of diagonally fractured 

ooids and a lesser proportion of spalled ooids (Figs. 5.33(a) and 5.34(a)). In other 

words, pore fluid salinity appears to promote transgranular cracking over spelling at 

stresses above 75 MPa. However, no explanation was offered for this behaviour. In 

addition, these trends In texture are not reflected In the microstructural data from 

this study.

These findings are In agreement with both Kageson-Loe (1993) and Brzesowsky 

(1995), who showed that In similar experiments on chalk and quartz sands 

respectively, to axial effective stresses of 30 MPa, no effect of pore fluid type was 

seen.

The presence of hydrocarbon Instead of water as a saturating pore fluid has 

negligible effect on the stress/strain behaviour of oolitic sands (Figs. 5.11). 

However, as axial effective stresses approach 60 MPa, hydrocarbon saturated 

samples of oolitic sand appear to be able to sustain Increasingly higher devlatoric 

stresses (Fig. 5.12). In other words, the aqueous fluid saturated samples show an 

Increased tendency to dilate with Increasing stress. MIcrostructurally, at 60 MPa, 

higher proportions of spalled grains and crushed graln-to-grain contacts are found In 

aqueous fluid saturated samples than In hydrocarbon saturated samples. However, 

these phenomena appear to be limited to the larger grain size samples (Fig. 5.23). 

Hence, Increased spelling does appear to be related to Increased dilative behaviour. 

The reason for these apparent pore fluid type effects Is unclear. However, the 

Increased spelling probably results from stress corrosion at crack tips which Is 

Inhibited In the presence of hydrocarbon. Larger grains have higher Intergranular 

stresses and would promote such behaviour over smaller grains.
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5.7.3 Effect of initial grain size

Grain size has already been shown to influence deformation at 60 MPa axial 

effective stress, with spelling inhibited by the presence of hydrocarbon in the largest 

grain size samples (Section 5.7.2). However, there is a further grain size effect seen 

in the deformation of oolitic sands by time-independent uniaxial Kq compression, 

which is independent of the pore fluid type present. This grain size effect is seen in 

the stress/strain behaviour of oolitic sands where samples composed of grains with 

a median size of 300 pm yield at a lower stress magnitude than samples composed 

of larger (425 pm diameter) grains (Figs. 5.13 and 5.14). The grain size is found to 

influence the uniaxial Kq compression of oolitic sand at axial effective stresses as 

low as 18 MPa (Fig. 5.13).

As the stress/strain data proved inconsistent for the smallest ooids (AI Bahrani 

Delta/212 pm) they have not been used in a graphical comparison of the effect of 

grain size (Section 5.5.1.4). However, the microstructural data for all samples has 

been studied for grain size effects. Findings show that the intermediate grain size 

ooids (Sadiyat Island ooids/300 pm) consistently exhibit the most grain breakages 

at stresses of 32 MPa. This increase in breakage over the larger ooids (Sadiyat 

Delta/425 pm) and smallest ooids (AI Bahrani Delta/212 pm) is almost entirely 

represented by increases in spalled ooids which occur below 32 MPa (Figs. 5.29- 

5.31). Hence, spelling appears to dominate fracturing at low stresses. An 

explanation for this can be given in terms of ooid construction. Ooids are composed 

of cortices or layers of aragonite crystals which form lines of weakness, similar to 

cleavage. Hence, it is reasonable to expect that fracturing should initiate along such 

lines (Harremoes 1959, Roberts 1964). An additional observation is that the 

smallest grain size ooids show higher proportions of crushed grain-to-grain contacts 

than the two larger grain size ooid samples, at stresses of 32 MPa (Figs. 5.26(b)- 

5.28(b)). This can be explained by the lesser degree of grain fracturing seen in the 

smaller grain size samples. Crushing at grain-to-grain contacts occurs as a precursor 

to grain fracturing. This is clearly demonstrated in Figure 5.35. Once a grain is 

fractured, it often rearranges by frictional grain boundary sliding. Hence, the original 

grain-to-grain contact no longer exists and is not counted statistically.

Previous work has already established that larger grains fracture more easily than
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Fig. 5.35: SEM photomicrographs showing that grain fracturing in ooids initiates after crushing at grain- 
to-grain contacts
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smaller grains at a given pressure (e.g. De Souza 1958, Roberts 1964, Hite 1989, 

Hagerty et al. 1993). This phenomenon has been attributed to the level of 

intergranular stresses experienced by individual grains. The average interparticle 

stress magnitude of a sample varies inversely with the number of interparticle 

contacts contained. Thus, the average interparticle stress magnitude is higher for 

specimens with larger particles and results in more grain crushing per increment of 

applied stress (Hagerty at al. 1993). However, findings here show that samples with 

intermediate sized grains crush the most readily. Thus, less crushed contacts would 

be counted in samples with relatively higher proportions of fractured grains.

This apparent contradiction of grain size effect on uniaxial Kq compression can still 

be partially explained by interparticle stress magnitudes. However, importantly, the 

nature of ooid grains has also to be considered. If ooids were solid grains then 

deformation would probably conform to a normal model of grain size dependent 

fracturing: The large grains would break more easily than the smaller grains as a 

result of higher intergranular stress magnitudes. However, ooids are not solid grains 

and are composed of layers of tangentially arranged aragonite laths which enclose a 

nucleus.

The aragonite laths forming the outer cortices of ooids vary in nature depending on 

their sedimentary history. From descriptions given in Section 4.2, the smallest ooids 

(Al Bahrani ooids), of grain diameter 212 pm, are composed of tangentially arranged 

euhedral aragonite laths of 1-2 pm in length. Conversely, the aragonite crystals on 

the surface of the two larger grain size ooids, Sadiyat Island ooids (300 pm) and 

Sadiyat Delta ooids (425 pm), are subhedral sub-spheric grains of 100-500 nm in 

length.

The arrangement of the aragonite laths in an ooid creates an integral porosity. 

Therefore, oolitic sand as a total has a bimodal porosity comprising an intergranular 

porosity and an intragranular porosity. By definition, the larger the ooid the greater 

the number of aragonite cortices present. In addition, the nucleus of an ooid will 

comprise a greater proportion of the total ooid volume in a small grain compared 

with a larger grain. Thus it follows that, the bulk porosity of a large ooid will be 

greater than for a small ooid. However, the individual nature of the aragonite 

crystals further influences the amount of porosity: Elongate euhedral grains, such as
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those of AI Bahrani ooids, provide a higher porosity than the sub-spheric grains of 

Sadiyat Delta and Sadiyat Island ooids. This Is due to packing arrangements with 

angular particles packing less closely than sub-spherical particles.

On balance, the Intragranular porosities of Sadiyat Island ooids (300 pm) and Al 

Bahrani Delta ooids (212 pm) are probably quite similar as one has a larger oold 

size but the other Is composed of larger more angular aragonite crystals. However, 

In both cases the Intragranular porosity will be smaller than for Sadiyat Delta ooids 

(425 pm).

Porosity Is known to Influence compaction, with greater strains being 

accommodated In higher porosity sediments (Section 3.3.3, De Souza 1958, Hite

1989). In addition, angular grains are known to break more easily at a given stress 

(3.3.2, Frossard 1979, Hagerty et al. 1993). From the above discussion. It has 

been established that, at a given applied stress, the highest Intergranular stresses 

will be experienced the larger grain size ooids and the least by the smallest. It Is 

also postulated that the Intermediate and smallest grain size ooids have similar 

amounts of Intragranular porosity with the highest porosity occurring In the largest 

ooids. As the Intermediate and smallest grains have similar Intragranular porosities. 

It follows that both grains can accommodate similar strains prior to fracturing. 

However, as the Intermediate ooids have larger Intergranular stresses they will begin 

to fracture at lower stress magnitudes. This hypothesis agrees with the 

microstructural results which show that at 32 MPa fracturing Is more dominant In 

the Intermediate grain size ooids than In the smallest ooids (Figs. 5.26(a)-5.28(a)).

The microstructural results (Figs. 5.26(a)-5.28(a)) presented here have also shown 

that at 32 MPa fracturing Is more dominant In the Intermediate grain size ooids than 

the largest ooids. Larger grains have higher Intergranular stresses and should, 

therefore, fracture more readily. However, as discussed above, the larger grains 

have higher Intragranular porosities and are individually able to accommodate more 

strain than the intermediate size grains before fracturing. Therefore, on balance and 

In view of the results In this Instance, the difference In Intragranular porosity must 

have a greater influence on the critical pressure than the difference in intergranular 

stress.
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It is Important to note at this stage that results presented in this thesis have shown 

that the initial bulk porosities of oolitic sands do not appear to influence the Kq 

compaction (Fig. 5.10, Section 5.5.14). As stated above, it is known that sediments 

with high intergranular porosities are more compressible than dense sediments 

(Section 3.3.3, De Souza 1958, Hite 1989). This is because highly porous 

sediments have less grain-to-grain contacts, and at a given applied stress the 

intergranular stresses will be relatively higher (Hite 1989, Hagerty et al. 1993). 

However, these findings are predominantly based on studies of quartz sands. Such 

materials have no intragranular porosities, as individual grains are essentially solid, 

and the initial intergranular porosity is equal to the bulk initial porosity. Conversely, 

oolitic sands have been shown to have a bimodal porosity. Hence, the initial bulk 

porosity of an oolitic sand sample is equal to the sum of the intergranular and 

intragranular porosities. Hence, a simple relationship between intergranular porosity 

and sediment compressibilty will not hold for a sediment such as oolitic sands, as 

the relationship is complicated by an intragranular porosity.

5.7.4 Effect of strain rate

The results presented in Section 5 .5 .4  have shown that there is negligible effect on 

deformation, when the displacement rate is increased by a factor ranging between 7  

and 2 0 . These displacement rates approximate to strain rates of 7 .7  x 10'® s'̂  to 

2 .8  X 10^  s .̂ This finding is in agreement with other workers such as Lankford 

(1 9 7 9 , 1 9 8 1 )  and Brzesowsky (1 9 9 5 ). Therefore, the absence of a clear effect of 

increasing strain rates suggests that rate-dependent mechanisms play no significant 

role in the deformation of oolitic sands, in the strain rate range of 1.1 x 10® -  2.8 x 

10  ̂s \

5.7.5 Comparison of data with other modeis

Brzesowsky’s (1995) micromechanical model of time-independent uniaxial 

compaction has shown that to axial effective stresses of 30 MPa, quartz sands 

comply to a grain size dependence, which itself is dependent on a grain shape 

departure from sphericity. As ooids can generally be classified as spherical grains. If 

this model were applied to data from this study, there should be no effect of grain 

size on the uniaxial Kq compression of oolitic sand. However, the results do show a
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grain size dependence which can be partialiy attributed to the different intergranular 

stress magnitudes resulting from different grain sizes, as described by numerous 

authors (e.g. Hite 1989, Hagerty et al. 1990, Zhang at al. 1990, Renner and 

Pummel 1996). However, the grain size effect seen in the uniaxial Kq compression 

data of oolitic sands cannot be so simply explained. As has been discussed above, 

the deformation behaviour is further complicated by the bimodal porosity inherent in 

oolitic sands, comprising an intergranular porosity and an intragranular porosity.

In another model, Zhang at al. (1990) show, again for quartz sands, that critical 

pressure is dependent on the product of porosity and grain size (Tabie 3.2, Fig. 

3.14). Zhang at a/.’s (1990) compiled experimental data for dry tested samples 

show that the critical pressure (Per) depends on the porosity (<j>) and grain radius (P) 

such that:-

P„ = (3.3)

Where, A is a material constant (Section 3.3.7). If the critical pressures for oolitic 

sands are determined from the graphical data presented in this thesis (Section 

5.5.1) the data can be plotted with Zhang at a/.’s (1990) compiled experimental 

data. Hence, it can be established if the critical pressures for oolitic sands abide by 

Zhang at a/.’s relationship (Equation 3.2). Although no dry tested data is available 

for oolitic sands, a comparison using hydrocarbon-saturated samples is feasibie as 

the hydrocarbon used is a non-reactive pore fluid (Appendix 1). It should be noted 

that critical pressures are usually measured during hydrostatic compression. Thus, 

any critical pressures quoted from results presented here are likely to be slightly 

increased due to shear enhanced compaction. Figure 5.36 shows Zhang at a/.’s 

(1990) compiled data with data from this study. Although the oolitic sand data is 

closely grouped, it can be seen that there is not a clear linear relationship. Hence, 

Zhang at a/.’s (1990) model does not appear to hold for the oolitic sand data. In 

other words, the product of grain size and porosity does not scale linearly in log-log 

space with the magnitude of the criticai pressure. From the above discussion on the 

effect of grain size, this is as expected, as it has already been established that 

intergranular stress relationships in oolitic sands are complicated by an inherent 

bimodal porosity.

235



Both Brzesowsky’s (1995) and Zhang et a/.’s (1990) micromechanical models for 

grain crushing employ Hertzian elastic contact theory (Section 3.3.1, Section 3.3.7, 

Hertz 1882, 1896). However, this theory cannot strictly be applied to grain-to-grain 

contacts in oolitic sand. This is because of the bimodal porosity inherent in oolitic 

sands and the nature of the sub-grains comprising the ooid cortices. Hence, ooids 

do not show the elastic behaviour at grain-to-grain contacts to the extent seen in 

materials such as quartz sands.
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Fig. 5.36: Experimentally determined critical pressures for oolitic sands plotted with Zhang et a/’s 
(1990) compiled data. The linear relationship in log-log space of critical pressure as a function of the 
product of porosity and grain radius, shown by Zhang at a/'s (1990) data, does not appear to hold for 
oolitic sand.(d = grain diameter; iji = initial porosity; P„= critical pressure)

5.8  Summary points

The time-independent uniaxial Kq compression of oolitic sand describes behavioural 

trends, with increasing stress to 60 MPa, which are independent of the grain size, 

strain rate (in the range 1.1 x 10® to 2.8 x 10  ̂s'̂ ) and the pore fluid type present.
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However, Independent grain size and pore fluid effects are seen which do influence 

the deformation of oolitic sands.

Oolitic sands have a 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 the intragranular porosity is dependent on the shape and size 

of the aragonite crystals forming the ooids and the size of the individual ooids.

Grain crushing to 7 MPa axial effective stress is negligible and deformation is 

assumed to occur by grain boundary frictional sliding and grain rearrangement.

Grain fracturing and grain-to-grain contact crushing initiates between 7 and 32 

MPa and increases continuously to 60 MPa. The critical pressures for oolitic 

sands are approximately 29, 26 and 31 MPa for ooids of grain diameter 212 

pm, 300 pm and 425 pm, respectively.

The critical pressures do not scale with the product of porosity and grain radius, 

as postulated by Zhang et al. (1990). This is due to the presence of a bimodal 

porosity and the nature of the sub-grains comprising the ooid cortices

At stresses of 60 MPa, in large grain size ooids, aqueous fluids appear to 

promote spelling. This phenomenon is attributed to stress corrosion processes 

at crack tips favouring the high intergranular stresses and aqueous fluids.

From Bhattacharyya and Friedman's (1984) data, at stresses in the range 75- 

125 MPa axial effective stress, grain crushing and fracturing is minimal and 

deformation is continued by further grain boundary sliding and grain 

rearrangement.
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Chapter 6

Time-independent behaviour II: 
Undrained shear

6.1  Introduction

The changes 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 shear stress will only be zero in 

a sediment which is isotropically stressed (i.e. 0 1 = 0 3 = 03 ); a condition rarely 

found in nature.

Undrained shear conditions commonly occur in nature even in porous and 

permeable sediments such as oolitic sands. As an example, such conditions could 

arise in nature as a result of submarine slope failure where a body of oolitic sand is 

confined below a layer of fine-grained and impermeable sediment such as a mud. 

This overlying sediment would prevent drainage from the oolitic sand body and any 

shear deformation, particularly if it is rapid, would occur under undrained shear 

conditions.

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. This is primarily because deformation under undrained 

shear conditions produces failure more rapidly than seen in equivalent drained 

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.
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By undertaking shear experiments In the laboratory, the failure envelope of the 

material can be determined and the nature of the deformation occurring during 

shear can be studied. In addition, the applicability of the critical state model (2.5.4) 

to oolitic sands can be tested. Novello and Johnston (1995) have postulated that 

the critical state concept has application to all geological materials. Including hard 

rocks. They argue that the brittle-ductile transition In rocks Is equivalent to the 

change In over-consolidated to normally consolidated behaviour found In soils and 

occurs at the critical state.

6 .1 .1  Previous studies of the environmental and lithological 
controls of shear deformation

To date, there are a number of Investigations of the shear behaviour of cemented 

and/or cohesive sediments at stresses representative of up to 3 km depth (e.g. 

Addis 1987, Yassir 1989, Leddra 1990, Kageson-Loe 1993, Petley 1995). In 

addition, a considerable amount of work has Investigated the shear deformation of 

particulate sediments at the very near surface, at conditions pertinent to engineers 

(e.g. Lee and Farhoomand 1967, Vesic and Clough 1968, Lambe and Whitman 

1979, Coop 1990, Novello 1995). However, the précis of previous work in Chapter 

3 has revealed very few studies which have Investigated the environmental and 

llthoglcal controls of the shear deformation of non-cohesive sediments at the stress 

conditions pertinent to the Earth’s upper crust (Section 3.3). Exceptions are studies 

from Kageson-Loe (1993) on disaggregated chalks and Renner and Pummel (1996) 

on aggregates of calcite and aragonite.

In recapitulation, Kageson-Loe (1993) found that a contractive style of deformation 

is more dominant in larger grain size chalk sediments and that contraction occurs at 

lower devlatoric stresses (Section 3.3.1). Contraction of a sample Is sometimes 

described by other workers as shear-enhanced compaction (e.g. Zhang et al.

1990). Renner and Pummel (1996) also found that contraction was favoured over 

dilation In larger grain sizes. In addition, the bulk strength decreased with Increasing 

grain size. These findings were attributed to the higher intergranular stresses 

experienced by larger grains at a given stress magnitude (Section 3.3.1, Renner and 

Pummel 1996). Renner and Pummel (1996) also showed that increases In porosity 

have a similar effect on shear behaviour as does an increase in grain size. Again,
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this behaviour Is attributed to graln-scale stresses (Renner and Rummel 1996).

Hence, high porosity sediments tend towards a more dense packing configuration 

when the material Is sheared, whereas. Initially dense sediments tend to dilate 

(Section 2.5.3). At low stresses (< 1 MPa), this dilation Is known to be 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). In addition, at these low stresses. It Is often assumed that grain breakage Is 

not significant (e.g. Atkinson and Bransby 1978, Lambe and Whitman 1979). 

However, uniaxial Kq compression tests presented In Chapter 5 have shown that 

grain breakage Is significant In oolitic sands, at effective stresses of 32 and 60 

MPa, and could have significant effects on the shear behaviour of these sediments. 

A recent study by Coop (1990) has shown that stress magnitude and, hence, grain 

breakage, affects the shear characteristics of angular carbonate sand at stresses 

as low as 8 MPa mean effective stress.

Coop (1990) undertook triaxlal testing of carbonate sand to 8 MPa mean effective 

stress to determine changes In behaviour at Increased stress magnitude. Samples 

were Isotropically compressed to mean effective stresses ranging from 50 kPa to 8 

MPa and then sheared under undralned conditions. Rgure 6.1 shows the undralned 

and drained shear for tests to both 500 kPa (standard) and 8 MPa (high) mean 

effective stresses. For standard tests (Fig. 6.1(a)), Coop (1990) found that with 

Increasing Initial consolidation stresses, the stress path becomes Increasingly 

compressive during shear. I.e. the Increases In pore pressure result In decreased 

mean effective stress. Following this, there Is a fairly constant rise In stress ratio 

(Fig. 6.1(a)) with this being dilative behaviour similar to that seen for 

overconsolidated clays (Section 2.5.3). Coop (1990) suggests that the deformation 

path climbs a steep Hvorslev surface (Section 2.5.4) towards a critical state 

(Sections 2.5.1 and 2.5.4). The critical state line Is superimposed In Fig. 6.1(a) and 

Is known from the drained shear data presented In Fig. 6.1 (b). At higher stresses 

the behaviour Is of similar trend but even more compressive Initially. Coop (1990) 

noted that the critical state line appears to be straight for stresses up to 8 MPa 

mean effective stress.

Microscopic studies and grading analyses by Coop (1990) have shown that particle
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breakage occurs during both Isotropic compression and shear. During shearing, 

strains caused by particle crushing are superimposed over those resulting from 

particle rearrangement. In addition, at high stresses, particle breakage dominates, 

giving rise to contractive behaviour. At low stresses particle rearrangement 

dominates giving rise to dilation. It is thought that at the critical state these two 

mechanisms cancel each other out (Coop 1990).

In a series of uniaxial Kq compression tests each followed by undrained shear. Coop 

(1990) also found that uniaxially compressed samples follow very different stress 

paths to isotropically compressed samples (Fig. 6.1(c)): The peak stress for 

uniaxially Kq compressed samples is seen at very low shear strains (around 0.1%). 

This behaviour occurs because Kq compression is an anisotropic compression. 

Thus, shear stresses are increasing throughout both Kq compression and undrained 

shear. Hence, a peak shear stress will occur at a much lower shear strain than 

seen in an isotropically compressed sample (Coop 1990).

6.2  Experimental programme

The undrained shear experiments were designed to study the effects of initial stress 

magnitude, pore fluid type and initial grain size on the shear behaviour of oolitic 

sand. Table 6.1 shows the experimental conditions and variables introduced for 

each test.

Prior to undrained shear deformation, samples had all been previously uniaxially 

compressed to one of three different axial effective stresses of 7, 32 and 60 MPa. 

A minimum of three stresses are required in order to define the failure envelope of 

the material. In addition, by shearing samples from three different axial effective 

stresses, the effect of initial stress magnitude on shear deformation can also be 

determined. The deformation resulting from the initial uniaxial compression of the 

samples has already been fully described in Chapter 5.

As with the investigation of uniaxial compression, undrained shear experiments 

were performed on each of the three different oolitic sands used in this study (Al 

Bahrani Delta ooids, Sadiyat Island ooids and Sadiyat Delta ooids) with each sample
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Test
number

Grain size 
d(iim)

Pore fluid Initial axial 
stress, o /  (MPa)

Maximum radial 
strain, e„ (%)

Maximum axial 
strain, (%)

Initial
porosity, (j)i (%)

Final
porosity, (pf (%)

Comments

S-H07-KU 425 inert hydrocarbon 7.7 7.05 9.87 40.8 35.8
S-R07-KU 425 rain water 6.3 6.22 9.67 40.5 35.3
S-S07-KU 425 sea water 6.2 6.40 9.69 40.2 35.2 Volume gauge leaking
S-H32-KU 425 inert hydrocarbon 31.5 5.27 14.78 39.6 33.6 Intensifier refilled
S-R32-KU 425 rain water 31.6 5.95 14.85 37.3 30.8 Volume gauge leaking
S-S32-KÜ 425 sea water 32.0 6.89 15.10 39.0 32.2 Volume gauge leaking
S-H60-KU 425 inert hydrocarbon 60.3 5.41 20.23 36.2 29.5 Intensifier refilled
S-R60-KÜ 425 rain water 60.0 5.39 20.00 32.2 25.6 Cell leaking
S-S60-KU 425 sea water 60.5 4.92 19.08 31.3 25.1
A-H07-KU 300 inert hydrocarbon 6.5 4.70 9.62 41.7 36.8 Volume gauge leaking
A-R07-KU 300 rain water 6.8 5.15 9.98 40.1 34.7 Sample left overnight before testing

A-S07-KU 300 sea water 6.6 5.45 9.71 39.7 34.4
A-H32-KU 300 inert hydrocarbon 31.4 6.30 15.06 40.1 34.1 Poor pore pressure control
A-R32-KU 300 rain water 31.8 6.00 14.99 40.3 34.3 Difficulty in locating sample with ram

A-S32-KU 300 sea water 31.4 4.87 14.59 38.0 32.4
A-H60-KU 300 inert hydrocarbon 61.0 5.33 20.01 33.2 28.0 Poor pp control + jump in cell p
A-R60KU 300 rain water 60.3 2.94 19.87 34.6 29.1 Intensifier refilled
A-S60-KÜ 300 sea water 60.3 3.47 19.92 38.4 33.3 Intensifier refilled
B-H07-KÜ 212 inert hydrocarbon 6.6 5.59 9.82 43.4 38.8 Difficulty in locating sample
B-R07-KÜ 212 rain water 6.5 5.23 10.86 44.4 39.4 Slight cell leak at start
B-S07-KU 212 sea water 6.5 5.21 9.79 44.3 39.8 Very poor pore pressure control
B-H32-KU 212 inert hydrocarbon 30.9 5.08 14.24 40.9 35.6
B-R32-KU 212 rain water 31.0 5.08 15.04 44.2 37.0 Sample left overnight before testing

B-S32-KÜ 212 sea water 31.6 6.61 14.92 39.5 34.4
B-H60-KÜ 212 inert hydrocarbon 60.4 4.92 19.91 38.6 32.5
B-R60-KÜ 212 rain water 60.5 1.74 19.78 35.9 34.3
B-S60-KU 212 sea water 60.2 2.63 20.03 33.2 29.8 Volume gauge leaking

Table 6.1: Undrained shear experiments performed in the triaxial cell on oolitic sands at room temperature. Axial displacement rate is 0.05 mm/min. Test conditions as shown.



type providing a different initial mean grain size (212 pm, 300 pm and 425 pm, 

respectively). In addition, each sample type has been deformed in the presence of 

three different pore fluids: an inert hydrocarbon, simuiated rain water; and 

simulated sea water (Chapter 4 and Appendix 1).

Microstructural analysis of the samples post-shear deformation was not possible 

due to time constraints.

6.3  Experimental technique

The shear deformation of ooiitic sand has been undertaken, in the triaxial cell, 

following an initial uniaxial compression of the sediment to a desired axial effective 

stress. The techniques used during preparation and initial uniaxial compression of 

the samples have been fully described in Section 5.3.1. The samples were 

compressed whilst maintaining a condition of zero radial strain (Section 4.5.1.3).

Foi lowing uniaxial compression to the desired axial effective stress, undrained 

loading is continued by moving the ram against the sample at a constant rate of 

displacement (0.05 mm/min), equivalent to an axial strain rate of 1.0 x 10® s .̂ The 

servo-control is switched from strain control (Section 4.5.1.3), in which lateral strain 

of the sample is prevented by adjusting the confining pressure, to pressure control, 

in which the confining pressure is heid constant and the sample is able to strain 

laterally. Hence, deformation is now accommodated by the newiy found abiiity of the 

sample to strain lateraiiy in addition to axiaily. Pore fluid drainage is aiso prevented, 

to give undrained conditions, resuiting in increasing pore pressures with loading, at 

essentialiy constant pore volume.

Loading under these undrained conditions is continued until the sample appears to 

be deforming at the criticai state i.e. at constant stress and nominaily constant 

volume. However, experiments did not always reach this condition before the 

displacement capacity of the radial strain beit was reached. In these cases, the 

tests were terminated prematureiy to prevent damage to the apparatus.

Axial and radial displacements, confining pressure, pore fluid pressure and axial
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load were all monitored throughout each experiment.

6.4  Data reduction and error analysis

Reduction of the displacement and load data, to the required parameters of stress 

and strain, and treatment of errors, is as described in Section 5.4 and Appendix 2. 

However, the shear behaviour of a sediment cannot be fully described by stress and 

strain parameters alone. This is because the shear behaviour of a sediment is a 

function of, not only the stress history and stress state but also, the packing of the 

grains, pore volume and pore fluid content (Section 2.6.3). Hence, in order to more 

fully describe the shear behaviour of oolitic sands, in terms of stress, strain and 

volume, the parameter of specific volume (u) has been introduced (Equation 2.28):-

u = —  (6.1)
V's

Where, V is the bulk volume of the sample and \4 is the volume of solids. The 

change in bulk volume of the sample is calculated from the radial and axial 

displacements. The volume of solids is assumed to remain constant and is 

calculated from the mass and density of the mineral matter:-

(6.2)
Pm

Where, is the mass of the mineral matter and Pm is its density (taken here as 

2940 kgm ,̂ the density of aragonite).

The particulate nature of the sediments studied here results in samples being 

tested which have different initial bulk densities and, hence, different initial specific 

volumes. This discrepancy makes comparison of shear behaviour between different 

samples quite difficult. However, normalisation of the specific volume parameter 

overcomes this problem by eliminating these initial specific volume value offsets. 

Normalised specific volume (u /Ug) is taken as the specific volume (u) of the 

sample divided by the initial specific volume ( Ug ) of the sample prior to testing.
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6.5 Experimental results

Deviatoric stress/axial strain plots and de'viatoric stress/mean effective stress 

plots are presented to show the effect of uindrained shear deformation on oolitic 

sand samples. During undrained shear deformation the sample is no longer 

deforming uniaxially. Thus, in order to fully interpret the shear behaviour of the 

material, it becomes necessary to study the apparent changes in pore volume and 

sample shape as well as changes in deviatoric stress and pore pressure. As 

experiments are performed undrained there are no actual changes in pore volume. 

Hence, any changes in pore volumes, referred to in the following sections, are really 

an artefact of variation in sample radius along the length of the sample. However, 

importantly, these apparent changes do indicate a dilative or contractive tendency in 

a sample. Plots of radial strain/axial strain enable the data to be examined for 

changes in shape as a result of shear. Plots of normalised specific volume/mean 

effective stress show how pore volume changes as a function of stress .The uniaxial 

compression data are also shown on appropriate graphs presented in this chapter, 

in order to show the deformation history. However, this data has already been 

described in Chapter 5 and will not be recapitulated here.

6.5.1 Effect of stress magnitude

Figures 6.2 to 6.19 show the undrained shear data for all samples of Sadiyat Delta 

ooids, Sadiyat Island ooids and Al Bahrani Delta ooids. All stress/strain data show 

that there is a critical point, on the Kq compression line, where sequential shear 

behaviour changes in character. As stress magnitudes reach this critical point, the 

shear behaviour changes in nature from predominantly strain hardening to 

predominantly strain softening (e.g. Fig. 6.2(a)). This critical stress magnitude lies 

between 7 and 32 MPa axial effective stress, equivalent to between approximately 

5 and 20 MPa deviatoric stress (Fig. 6.2(a)) and between 5 and 20 MPa mean 

effective stress (Fig. 6.3(a)). In addition, samples sheared from axial effective 

stresses of 32 MPa and above exhibit a peak strength. However, this is not seen in 

samples Initially compacted to 7 MPa axial effective stress. These characteristics 

are true of all samples, regardless of grain size or which pore fluid type is present 

(Figs. 6.2(a) to 6.19(a)). However, there are further differences seen in behaviour 

between samples and these are described in detail below.
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6.5.1.1 Sadiyat Delta ooids (425 |im)

Figure 6.2(a) shows the deviatoric stress/axial strain data for samples of Sadiyat 

Delta ooids (S), of grain size 425 ^m, saturated in a pore fluid of Exxsol-D60, an 

inert hydrocarbon (H). Following uniaxial compression to 7 MPa axial effective stress 

and 2% axial strain, sample S-H07-KU undergoes undrained shear (UDS) with 

loading continuing at a constant rate of axial displacement and pore fluids unable to 

drain from the sample. With increasing load, sample S-H07-KU continues to stiffen 

until axial strain has reached 2.3% at 6 MPa deviatoric stress, an increase of 

approximately 1 MPa. This stiffening is a response of the sample to the increasing 

pore fluid pressure and increasing load. From 2.5 to 6% axial strain, the 

stress/strain behaviour is approximately linear (Fig. 6.2(a)). However, the modulus 

decreases by a factor of 2. This change in behaviour is a result of the sample now 

accommodating both axial and radial strains during undrained shear. This is further 

illustrated in Figure 6.2(b) where dilative radial strain can be seen to be increasing 

at a constant rate with increasing axial strain (up to 6% axial strain) following the 

onset of undrained shear (SH07-KU).

At 6% axial strain the sample continues to shear but now at constant stress, with 

the deviatoric stress remaining constant at 12.5 MPa (Fig.6.2(a)) and a peak stress 

state or peak strength is not attained. The axial strain increases from 6-10%, at 

which point the test is terminated. During this constant stress deformation the 

radial strain increases slightly, relative to the axial strain. This can be seen in Figure 

6.2(b), where from 6-10% axial strain the gradient of the radial strain/axial strain 

plot increases slightly (from 1:1.25 to 1:1) but thereafter remains constant. This 

indicates that the sample is dilating.

Figure 6.3(a) shows the stress paths in deviatoric stress/mean effective stress 

space of uniaxial compression followed by undrained shear for Sadiyat Delta oolitic 

sand (S) saturated in an inert hydrocarbon (H). For experiment S-H07-KU, undrained 

shear deformation is initiated at 4 MPa mean effective stress and 5 MPa deviatoric 

stress (equivalent to 7 MPa axial effective stress). There is an immediate decrease 

in mean effective stress, of approximately 1 MPa, with an equivalent increase in 

deviatoric stress of IMPa (Fig. 6.3(a)). This effect relates to the initial increase in 

pore fluid pressure, resulting from the increase in total stress due to loading under
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undralned conditions. In normalised specific volume/mean effective stress space 

(Fig. 6.3(b)), this decrease in mean effective stress is seen to occur at constant 

specific volume. This indicates that, the increasing pore pressure is maintaining a 

constant pore volume under the increasing load. However, at 6 MPa deviatoric 

stress and 4 MPa mean effective stress the behaviour alters (Fig. 6.3(a)). This 

change relates to the linear stress/strain behaviour seen above 2.3% axial strain in 

Figure 6.2(a). The mean effective stress begins to increase at a constant rate with 

increasing deviatoric stress until, at 13 MPa deviatoric stress and 8 MPa mean 

effective stress, when the sample begins to deform at a critical constant stress (Fig. 

6.3(a)). In Figure 6.3(b), the increase in mean effective stress relates to a constant 

increase in normalised specific volume of the sample i.e. the sample is dilating (as 

also seen in Fig. 6.2(b)) and the pore volume is increasing. At the critical constant 

stress (12.5 MPa deviatoric stress/8 MPa mean effective stress), the sample 

continues to dilate until the test is terminated. This would indicate that the sample 

has reached a failure state where deformation is achieved at constant stress but 

not constant pore volume (as also seen in Fig. 6.2(a)). This failure state can be 

referred to as a quasi-critical state, as deformation is achieved at only constant 

stress and not the constant stress and constant pore volume condition that define 

the critical state (Section 2.6.1).

At the higher initial axial effective stresses of 32 and 60 MPa, the undrained shear 

behaviour of Sadiyat Delta oolitic sand is similar, but very different from that at 7 

MPa. At the onset of undrained shear, whilst adjusting to the newly imposed 

conditions, the sample continues to strain harden as a consequence of increasing 

pore fluid pressure and increasing load (Fig. 6.2(a)). However, with continuously 

increasing load, a peak stress is reached following which the deviatoric stress 

decreases with increasing axial strain i.e. the sample strain softens. This can be 

seen in Figure 6.2(a), where the deviatoric stress for S-H32-KU decreases from 21 

to 18 MPa whilst axial strain increases from 6 to 10%. Thereafter, the stress 

remains approximately constant with increasing load until the termination of the test 

at 15% axial strain. Thus, the sample strain softens until a quasi-critical state is 

reached at approximately 10% axial strain and 18 MPa deviatoric stress (Fig. 

6.2(a)). The radial strain/axial strain data show that there is a gradual change in 

gradient centred at approximately 8-10% axial strain (Rg. 6.2(b)). Between 6 and 8% 

axial strain the gradient is approximately 1:2, indicating that radial strain is
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increasing at a slightly slower rate than the axial strain. This would indicate that the 

sample is initially contracting or reducing its pore volume with increasing load. This 

can also be seen in Figure 6.3(b), where the specific volume decreases very slightly 

from 0.94 to 0.935 with mean effective stress decreasing from 16 to 13 MPa. 

Beyond 10% axial strain, the radial strain increases at a faster rate (1:1.5) with 

increasing axial strain, indicating that the sample is dilating (Fig. 6.2(b)).

Following a peak stress state, S-H32-KU shows a constant decrease in mean 

effective stress with decreasing deviatoric stress (Fig. 6.3(a)). The decrease in 

mean effective stress is due to increasing pore pressure as a result of increasing 

axial load under undrained conditions. The decrease in deviatoric stress represents 

strain softening of the sample. As the stress state tends towards 12 MPa mean 

effective stress and 18 MPa deviatoric stress, the sample reaches a failure state at 

almost constant stress conditions until the test is terminated (Fig. 6.3(a)). However, 

this is not the critical state, as the specific volume increases from 0.935 to 0.945 

at the termination of the experiment, indicating that the sample is dilating (as also 

seen in Fig. 6.2(b)) and not deforming at constant volume.

The sample sheared from an initial axial effective stress of 60 MPa (S-H60-KU), also 

attains a peak strength following the onset of undrained shear (Fig. 6.2(a)). This 

occurs with an increase in deviatoric stress of 0.5 MPa as drainage of the sample is 

stopped (Fig. 6.2(a) and 6.3(a)). The sample strain softens following the peak 

stress state and although a constant stress condition is never reached with this 

sample, the deviatoric stress decays quasi-exponentially with increasing axial strain 

until the end of the test (25 MPa deviatoric stress, 20% axial strain). As with 

sample S-H32-KU, S-H60-KU shows an initial period of slight contraction, following 

the start of undrained shear, with the axial strain increasing at a faster rate than 

the radial strain (Fig. 6.2(b)). Thereafter, the radial strain increases constantly with 

increasing axial strain at an approximate rate of 1:1.25 (Fig. 6.2(b)). There is a 

slight increase in gradient towards the end of the test at axial strains greater than 

19%. This shows that the sample is tending to dilate. These effects are also seen 

with the normalised specific volume/mean effective stress data (Rg. 6.3(b)). Pore 

volume decreases very slightly following the onset of undrained shear but then 

remains approximately constant. As the sample approaches the termination point of 

the test the sample increases in specific volume from 0.880 to 0.885, indicating
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that the sample Is attempting to dilate (Fig. 6.3(b)).

Following the onset of undrained shear in deviatoric stress/mean effective stress 

space (Fig. 6.3(a)), there is an initial strain hardening with a rise in deviatoric stress 

of 0.5 MPa whilst the mean effective stress is reduced by the increase in pore fluid 

pressure. Sample S-H60-KU then strain softens, with the mean effective stress 

initially decreasing at a faster rate than the deviatoric stress. This is a result of the 

increase in pore fluid pressure. At approximately 20 MPa mean effective stress and 

30 MPa deviatoric stress, an equiiibrium is reached following which the mean 

effective stress decreases at a constant rate with deviatoric stress and the sample 

continues to strain soften until the termination of the test.

In summary, following uniaxial compression to 7 MPa axial effective stress, sample 

S-H07-KU shows an initial instantaneous response of increased pore fluid pressure 

with a consequential reduction in mean effective stress. During this initial response 

the pore volume Is held constant but with increasing load the sample starts to dilate 

and continues to do so until the termination of the test. At the onset of dilation, the 

sample strain hardens, with increasing deviatoric and mean effective stresses, until 

a critical stress is reached. This is known as dilatancy hardening (Coop 1990, Petley 

et al. 1993) and is a recognised phenomena in hard rocks also (Scholz 1990). At 

the critical stress, deformation continues at a constant stress state.

From a uniaxial compression to 32 MPa axial effective stress, sample S-H32-KU 

strain hardens until a peak stress state is reached (almost immediately following 

the onset of undrained shear). The sample does not deform at constant volume but 

contracts slightly and continues to do so with increasing load. Following the peak 

stress state, strain softening occurs until a constant stress state Is approached. At 

this point the sample starts to dilate and continues to do so until the test is 

terminated. A constant state of stress is not reached but is tended towards.

From a uniaxial compression of 60 MPa axial effective stress, undrained shear 

deformation leads to strain hardening in sample S-H60-KU until a peak stress state 

is reached. The sample then strain softens at continued constant volume but tends 

to dilate towards the end of the test. However, a constant stress state is not 

reached by the termination of the test and, with increasing load, the sample
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continues to strain soften with deviatoric stress decreasing constantly with 

decreasing mean effective stress.

Figures 6.4 and 6.5 show the results of undrained shear data for samples of 

Sadiyat Delta ooids saturated in a pore fluid of simulated rain water (R). 

Experiments SR07-KU, at 7 MPa, and S-R32-KU, at 32 MPa, show similar shear 

behaviour to that seen with hydrocarbon saturated samples at the same stress 

magnitudes (Figs. 6.2 and 6.3) and as described above. Sample S-R60-KU, sheared 

from an initial 60 MPa axial effective stress also shows behaviour similar to the 

equivalent hydrocarbon saturated sample (S-H60-KU). However, as sample S-R60-KU 

is dilating, towards the end of the test, there is a small amount of strain hardening 

with a slight increase in the deviatoric and mean effective stresses of 0.5 MPa and 

the sample momentarily contracts (Figs. 6.4 and 6.5). This strain hardening could 

be due to stick/slip phenomena occurring as grains move past each other during 

shear.

Figures 6.6 and 6.7 show the results of undrained shear data for samples of 

Sadiyat Delta ooids saturated in a pore fluid of simulated sea water (S). The same 

major trends are seen as for the hydrocarbon and rain water saturated samples at 

different stress magnitudes (Figs. 6.2 to 6.5). However, there are some distinct 

differences in behaviour: S-S07-KU (axial effective stress of 7 MPa) does not quite 

attain a state of constant stress at the termination of the test at 10% axial strain 

(Figs. 6.6(a) and 6.7), as seen in the equivalent hydrocarbon and rain water 

experiments. In addition, the sample sheared from 32 MPa (S-S32-KU) shows no 

contraction during deformation. Deviatoric and mean effective stresses decrease 

with increasing load (Rg. 6.7(a)) whilst the pore volume initially remains constant 

(Rg. 6.7(b)). As a quasi-critical state condition is approached, the sample dilates 

and normalised specific volume increases to 0.975. This is higher than the pore 

volume experienced by sample SS32-KU during uniaxial compression (0.96) at the 

same value of mean effective stress (Rg. 6.7(b)).

The stress/strain curve for S-S32-KU (Rg. 6.6(a)) shows that following a peak 

deviatoric stress of 21 MPa the deviatoric stress initially decreases to 19 MPa, but 

instead of settling to a constant stress state, the sample strain hardens and shows 

a small rise in deviatoric stress which peaks (19.5 MPa) at approximately 10% axial
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Fig. 6.4: Uniaxial Kq compression and undrained shear data for Sadiyat Delta oolitic sand S, of grain 
diameter (d) 425 ^m, which is saturated in a pore fluid (pf) of rain water (R). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa maximum axial effective stress. Loading was continued under undrained 
triaxial conditions to give the shear data: Plot (a) shows the deviatoric stress/axial strain data. Plot (b) 
shows the radial strain/axial strain data. (UDS = the onset of undrained shear; cDi = initial porosity)

254



CDÛ.

S
ÿ
00
O'C0 
ro
1  
Q

Q
CD
ED
§
O

îé
Q .(/)
"O0)(/>
m
g
o

35
pf = rain water 
d = 425 lofTi 
X = 0.05 mm/min

SR60-KU
30

25

20 UDS

15

10
S-R07-KU,

S-R07-KU(O. = 41,6%) 
S-R32-KU (O. = 41.0%) 
S-R60-KU (O. = 40.5%)

5

UDS

0

-(b)102

pf = rain water 
d = 425 ^m 
X = 0.05 mm/min

1.00
S-R07-KU

0.98 UDS

0.96

S-R32-KU

0.94 .7 -V .

UDS
0.92

0.90 -S-R07-KU(cD, = 41.6%)
-  S-R32-KU (0. = 41.0%)
-  S-R60-KU (0, = 40.5%) S-R60-KU0.88 UDS

0 5 10 15 20 25 30 35 40

Mean effective stress, p' (MPa)
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performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
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Fig. 6.6: Uniaxial compression and undrained shear data for Sadiyat Delta oolitic sand S, of grain 
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performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa maximum axial effective stress. Loading was continued under undrained 
triaxial conditions to give the shear data: Plot (a) shows the deviatoric stress/axial strain data. Plot (b) 
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performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa axial effective stress. Loading was continued under undrained triaxial 
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strain. This phenomena can also be seen in deviatoric stress/mean effective stress 

space (Fig. 6.7(a)). The deviatoric and mean effective stresses continue to decrease 

with increasing load and although the sample tends towards, it never quite attains a 

state of constant stress.

The sample sheared from an initial axial effective stress magnitude of 60 MPa (S- 

S60-KU), and saturated in sea water, progresses as for the hydrocarbon saturated 

sample S-H60-KU (Figs. 6.2 and 6.3) until a critical state is reached (Fig. 6.7). At a 

mean effective stress of 18 MPa, sample S-S60-KU starts to dilate and increases in 

specific volume from 0.87 to 0.88 (Fig. 6.7(b)). In addition, strain hardening occurs 

with both the deviatoric stress and mean effective stress increasing until the test is 

terminated (Figs. 6.6(a) and 6.7(a)).

6 .5 .1 .2  Sadiyat Island ooids (300 pm)

The undrained shear behaviour of Sadiyat Island ooids (300 pm), saturated with an 

inert hydrocarbon (Figs. 6.8 and 6.9), is remarkably similar to that described for 

samples of Sadiyat Delta ooids (425 pm) saturated in the same hydrocarbon (Figs.

6.2 and 6.3). The samples sheared from axial effective stresses of either 32 or 60 

MPa, exhibit a peak strength before strain softening at constant volume and then 

dilating at approximately constant stress (the quasi-critical state), whilst the sample 

sheared from an effective stress of 7 MPa strain hardens and dilates at failure. The 

only difference in behaviour is that, at the quasi-critical state, the intermediate- 

grained sized sample, sheared from a consolidation stress of 32 MPa (A-H32-KU), 

shows the initiation of strain hardening (Rg. 6.9(a)) towards the end of the test (at a 

mean effective stress of 12 MPa and deviatoric stress of 17 MPa). The sample of 

intermediate grain size sample (Sadiyat Island/300 pm), saturated in rain water and 

consolidated to 32 MPa (A-R32-KU), also shows this strain hardening (Rgs. 6.10(a) 

and 6.12(a)). However, strain hardening is followed by further strain softening at a 

constant decrease of deviatoric stress with mean effective stress (Rgs. 6.11(a) and 

6.11(a)). In addition, the rain water saturated sample consolidated to 60 MPa (A- 

R60-KU), strain hardens as it approaches a quasi-critical state and continues to do 

so until the test is terminated (Rgs. 6.10(a) and 6.11(b)). This sample also shows a 

related decrease in normalised specific volume, indicating that the sample is 

contracting (Rg. 6.11(b)). This is also indicated by the ratio of axial strain to radial
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Fig. 6.8: Uniaxial /<q compression and undrained shear data for Sadiyat Island oolitic sand A, of grain 
diameter (d) 300 îm, which is saturated in a pore fluid (pf) of hydrocarbon (H). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa maximum axial effective stress. Loading was continued under undrained 
triaxial conditions to give the shear data: Plot (a) shows the deviatoric stress/axial strain data. Plot (b) 
shows the radial strain/axial strain data. (UDS = the onset of undrained shear; cDi = initial porosity)
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Fig. 6.10: Uniaxial Kq compression and undrained shear data for Sadiyat Island oolitic sand A, of grain 
diameter (d) 300 pm, which is saturated in a pore fluid (pf) of rain water (R). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa maximum axial effective stress. Loading was continued under undrained 
triaxial conditions to give the shear data: Plot (a) shows the deviatoric stress/axial strain data. Plot (b) 
shows the radial strain/axial strain data. (UDS = the onset of undrained shear; Oi = initial porosity)

261



CO
CL

u"C
I
I
Û

<D
E3
§
Ü
u
&</)
■o
«
CO

40

35 pf = rain water 
d = 300 |j.m 
X = 0.05 mm/min

A-R60-KU

“UDS

30

25

UDS

20
A-R32-KU

15

A-R07-KUy10
A-R07-KU (O. = 42.9%) 

A-R32-KU ( 0  = 44.1%) 

A-R60-KU (O, = 43.2%)
5 UDS

0

-(b)
1.00 pf = rain water 

d = 300 î m 
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Fig. 6.11: Uniaxial compression and undrained shear data for Sadiyat Island oolitic sand A, of grain 
diameter (d) 300 fxm, which is saturated in a pore fluid (pf) of rain water (R). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa axial effective stress. Loading was continued under undrained triaxial 
conditions to give the shear data: Plot (a) is the stress path diagram in deviatoric stress/mean effective 
stress space. Plot (b) shows the data plotted in normalised specific volume/mean effective stress 
space, where normalised specific volume = specific volume/initial specific volume. (UDS = the onset of 
undrained shear; cDi = initial porosity)
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Fig. 6.12: Uniaxial K q compression and undrained shear data for Sadiyat Island oolitic sand A, of grain 
diameter (d) 300 |im, which is saturated in a pore fluid (pf) of sea water (S). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa maximum axial effective stress. Loading was continued under undrained 
triaxial conditions to give the shear data: Plot (a) shows the deviatoric stress/axial strain data. Plot (b) 
shows the radial strain/axial strain data. (UDS = the onset of undrained shear; Oi = initial porosity)
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Fig. 6.13: Uniaxial K̂  ̂ compression and undrained shear data for Sadiyat Island oolitic sand A, of grain 
diameter (d) 300 pm, which is saturated in a pore fluid (pf) of sea water (8). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa axial effective stress. Loading was continued under undrained triaxial 
conditions to give the shear data: Plot (a) is the stress path diagram in deviatoric stress/mean effective 
stress space. Plot (b) shows the data plotted in normalised specific volume/mean effective stress 
space, where normalised specific volume = specific volume/initial specific volume. (UDS = the onset of 
undrained shear; cDi = initial porosity)
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strain seen In Figure 6.10(b).

Sea water saturated samples of Sadiyat Island ooids also show the same general 

behaviour with increasing stress as seen in the other samples: Samples sheared 

from axial effective stresses of 32 and 60 MPa exhibit a peak stress and strain 

soften. Samples sheared from 7 MPa strain harden and dilate. However, samples of 

Sadiyat Island ooids saturated in sea water, consolidated to 32 (A-S32-KU) and 60 

(A-S60-KU) MPa, show strain hardening as they approach a critical state (Figs. 

6.12(a) and 6.13(a)). However, at the lower stress the sample dilates as it strain 

hardens, whereas, at the higher stress the sample contracts (Fig. 6.13(b)).

Sample A-S07-KU behaves similarly to the larger grained sample consolidated to 7 

MPa axial effective stress (S-S07-KU) in that it does not quite attain a condition of 

deformation at constant stress at the end of the test (10% axial strain).

6 .5 .1 .3  AI Bahrani Delta ooids (212 |im)

The smallest grain size ooids, AI Bahrani Delta ooids (212 pm), show the same 

general trends at different stress magnitudes as seen with the two larger grained 

samples. Samples uniaxially compressed to axial effective stresses of 32 and 60 

MPa strain harden to a peak stress and then exhibit predominantly strain softening 

behaviour during shear, whereas, samples compressed to 7 MPa do not attain a 

peak stress and show predominantly dilatancy hardening behaviour (Figs. 6.14- 

6.19).

Samples saturated in hydrocarbon, all exhibit dilation as the samples approach an 

ultimate state (Section 2.6.1). However, sample B-H07-KU does not reach a 

condition of shear at constant stress (Fig. 6.14(a)), as seen in the equivalent larger 

grain sized samples (Figs. 6.2(a) and 6.8(a)) at 10% axial strain. Samples deformed 

from 32 MPa (B-H32-KU) and 60 MPa (B-H60-KU) axial effective stress both show 

strain hardening at the onset of undrained shear (Figs. 6.14(a) and 6.15(a)). 

However, this is to a greater degree than seen for larger grain size samples with, for 

example, deviatoric stress increasing from 32 to 34 MPa for B-H60-KU before strain 

softening is initiated. Additionally, strain hardening resumes as B-H32-KU 

approaches a critical state failure and continues until the test is terminated at 15%
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Fig. 6.14; Uniaxial compression and undrained shear data for A! Bahrani Delta oolitic sand B, of grain 
diameter (d) 212 ^m, which is saturated in a pore fluid (pf) of hydrocarbon (H). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa maximum axial effective stress. Loading was continued under undrained 
triaxial conditions to give the shear data; Plot (a) shows the deviatoric stress/axial strain data. Plot (b) 
shows the radial strain/axial strain data. (UDS = the onset of undrained shear; Oi = initial porosity)
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Fig. 6.15; Uniaxial Kq compression and undrained shear data for AI Bahrani Delta oolitic sand B, of grain 
diameter (d) 212 pm, which is saturated in a pore fluid (pf) of hydrocarbon (H). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa axial effective stress. Loading was continued under undrained triaxial 
conditions to give the shear data: Plot (a) is the stress path diagram in deviatoric stress/mean effective 
stress space. Plot (b) shows the data plotted in normalised specific volume/mean effective stress 
space, where normalised specific volume = specific volume/initial specific volume. (UDS = the onset of 
undrained shear; cD, = initial porosity)
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Fig. 6.16; Uniaxial compression and undrained shear data for A! Bahrani Delta oolitic sand B, of grain 
diameter (d) 212 pm, which is saturated in a pore fluid (pf) of rain water (R). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa maximum axial effective stress. Loading was continued under undrained 
triaxial conditions to give the shear data: Plot (a) shows the deviatoric stress/axial strain data. Plot (b) 
shows the radial strain/axial strain data. (UDS = the onset of undrained shear; Oi = initial porosity)
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Fig. 6.17: Uniaxial K q compression and undrained shear data for AI Bahrani Delta oolitic sand 8, of grain 
diameter (d) 212 |am, which is saturated in a pore fluid (pf) of rain water (R). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa axial effective stress. Loading was continued under undrained triaxial 
conditions to give the shear data: Plot (a) is the stress path diagram in deviatoric stress/mean effective 
stress space. Plot (b) shows the data plotted in normalised specific volume/mean effective stress 
space, where normalised specific volume = specific volume/initial specific volume. (UDS = the onset of 
undrained shear; 0| = initial porosity)
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Rg. 6.18: Uniaxial compression and undrained shear data for Al Bahrani Delta oolitic sand B, of grain 
diameter (d) 212 ^m, which is saturated in a pore fluid (pf) of sea water (S). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa maximum axial effective stress. Loading was continued under undrained 
triaxial conditions to give the shear data: Plot (a) shows the deviatoric stress/axial strain data. Plot (b) 
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Fig. 6.19: Uniaxial K q compression and undrained shear data for A! Bahrani Delta oolitic sand B, of grain 
diameter (d) 212 p.m, which is saturated in a pore fluid (pf) of sea water (S). A set of three tests were 
performed at a constant displacement rate (x) of 0.05 mm/min., with uniaxial compression terminating 
at either 7, 32 or 60 MPa axial effective stress. Loading was continued under undrained triaxial 
conditions to give the shear data: Plot (a) is the stress path diagram in deviatoric stress/mean effective 
stress space. Plot (b) shows the data plotted in normalised specific volume/mean effective stress 
space, where normalised specific volume = specific volume/initial specific volume. (UDS = the onset of 
undrained shear; cDi = initial porosity)
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axial strain (Fig. 6.15(a)).

These results are similar to those for rain water saturated Ai Bahrani Delta ooids 

(Figs. 6.16 and 6.17). However, sample B-R07-KU exhibits behaviour that tends 

towards shear at both constant stress and constant volume as the sample 

approaches failure (Fig. 6.17(b)). Conversely, other samples at this stress 

magnitude have tended towards shear at constant stress and increasing pore 

volume.

Sea water saturated samples (Figs. 6.18 and 6.19) show behaviour similar to that 

for the hydrocarbon saturated Ai Bahrani samples (Figs. 6.14 and 6.15). in addition, 

sufficient strain was accumulated during shear deformation for the higher stress 

magnitude sample B-S60-KU to exhibit strain hardening as the sample approached a 

critical state failure (Figs. 6.18(a) and 6.19(a)). As this sample strain hardens it 

also contracts and reduces in pore volume (Figs. 6.18(b) and 6.19(b)).

6.5.2 Effect of pore fluid type

Figures 6.20-6.25 show the effect of pore fluid type on undrained shear deformation 

for Sadiyat Delta ooids (425 pm), Sadiyat Island ooids (300 pm) and AI Bahrani 

Delta ooids (212 pm). The initial uniaxial compression of each sample prior to 

undrained shear is not shown; the effect of pore fluid type on the uniaxial 

compression of these sediments having been fully described in Chapter 5. The 

results show that, in contrast to the effect of stress magnitude, there is very little 

effect of pore fluid type on the shear behaviour of oolitic sands. However, any 

differences that are seen, resulting from variation in pore fluid type, are fully 

described below and their significance, if any, is discussed in Section 6.6.2.

For samples consolidated to both 7 and 32 MPa axial effective stress, there are no 

distinct trends in stress/strain behaviour as a result of the pore fluid type present. 

Any variations in behaviour are small and can be attributed to experimental 

repeatability or sample variability (Figs. 6.20(a), 6.22(a) and 6.24(a)). Similarly, 

negligible differences are seen in the deviatoric stress/mean effective stress data 

with regard to samples saturated with different pore fluids (Figs. 6.21(a), 6.23(a) 

and 6.25(a)). However, samples sheared from axial effective stresses of 60 MPa do
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Fig. 6.20: Undrained shear data for Sadiyat Delta ooids S, of grain diameter 425 îm, collected at a 
constant displacement rate (x) of 0.05 mm/min. The plots show the effect, on the deformation, of 
saturating the samples with different pore fluid types (pf). Three different pore fluid types have been 
used: an inert hydrocarbon (H) - Exxsol-D60; simulated rain water (R); simulated sea water (S). Plot (a) 
shows the deviatoric stress/axial strain data. The initial uniaxial compression of the samples prior to 
undrained shear is not shown (UDS = the onset of undrained shear). Plot (b) shows the radial 
strain/axial strain data.
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Rg. 6.21: Undrained shear data for Sadiyat Delta ooids S, of grain diameter 425 pm, collected at a 
constant displacement rate (x) of 0.05 mm/min. The plots show the effect, on the deformation, of 
saturating the samples with different pore fluid types (pf). Three different pore fluid types have been 
used: an inert hydrocarbon (H) - Exxsol-D60; simulated rain water (R); simulated sea water (8). Plot (a) 
shows the deviatoric stress/mean effective stress data. Plot (b) shows the normalised specific 
volume/mean effective stress data. The initial uniaxial compression of the samples prior to undrained 
shear is not shown (UDS = the onset of undrained shear).
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Fig. 6.22: Undrained shear data for Sadiyat Island ooids A, of grain diameter 300 pm, collected at a 
constant displacement rate (x) of 0.05 mm/min. The plots show the effect, on the deformation, of 
saturating the samples with different pore fluid types (pf). Three different pore fluid types have been 
used: an inert hydrocarbon (H) - Exxsol-060; simulated rain water (R); simulated sea water (S). Plot (a) 
shows the deviatoric stress/axial strain data. The initial uniaxial compression of the samples prior to 
undrained shear is not shown (UDS = the onset of undrained shear). Plot (b) shows the radial 
strain/axial strain data.
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Fig. 6.23: Undrained shear data for Sadiyat Island ooids A, of grain diameter 300 p.m, collected at a 
constant displacement rate (x) of 0.05 mm/min. The plots show the effect, on the deformation, of 
saturating the samples with different pore fluid types (pf). Three different pore fluid types have been 
used: an inert hydrocarbon (H) - Exxsol-D60; simulated rain water (R); simulated sea water (S). Plot (a) 
shows the deviatoric stress/mean effective stress data. Plot (b) shows the normalised specific 
volume/mean effective stress data. The initial uniaxial compression of the samples prior to undrained 
shear is not shown (UDS = the onset of undrained shear).
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Fig. 6.24; Undrained shear data for AI Bahrani ooids B, of grain diameter 212 pm, collected at a 
constant displacement rate (x) of 0.05 mm/min. The plots show the effect, on the deformation, of 
saturating the samples with different pore fluid types (pf). Three different pore fluid types have been 
used: an inert hydrocarbon (H) - Exxsol-D60; simulated rain water (R); simulated sea water (S). Plot (a) 
shows the deviatoric stress/axial strain data. The initial uniaxial compression of the samples prior to 
undrained shear is not shown (UDS = the onset of undrained shear). Plot (b) shows the radial 
strain/axial strain data.
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Fig. 6.25: Undrained shear data for Al Bahrani Delta ooids B, of grain diameter 212 pm, collected at a 
constant displacement rate (x) of 0.05 mm/min. The plots show the effect, on the deformation, of 
saturating the samples with different pore fluid types (pf). Three different pore fluid types have been 
used; an inert hydrocarbon (H) - Exxsol-D60; simulated rain water (R); simulated sea water (8). Plot (a) 
shows the deviatoric stress/mean effective stress data. Plot (b) shows the normalised specific 
volume/mean effective stress data. The initial uniaxial compression of the samples prior to undrained 
shear is not shown (UDS = the onset of undrained shear).
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appear to show some variation in shear behaviour, which could be attributed to a 

variation in the pore fluid type.

Firstly, all grain size samples, sheared from 60 MPa axial effective stress, show 

larger peak strengths in the presence of hydrocarbon, than in the presence of 

aqueous fluids (Figs. 6.20 (a), 6.22(a) and 6.24(a). This trend is only small but 

distinct.

For Sadiyat Delta ooids (425 pm), sheared from 60 MPa, following a peak stress 

state, the hydrocarbon saturated sample (S-H60-KU) continues to strain soften until 

the termination of the test at 20% axial strain (Figs. 6.20(a) and 6.21(a)). 

Conversely, both the rain water and sea water saturated samples (S-R60-KU and S- 

S60-KU) begin to strain harden again, from 16% and 14.5% axial strain respectively. 

However, the behaviour of the rain water saturated sample does change and at the 

termination of the test it is strain softening again. Similar behaviour is seen in the 

intermediate grain size samples (Sadiyat Island/300 pm), but to a greater degree 

(Figs. 6.22(a) and 6.23(a)).

At 60 MPa, all Sadiyat Island oolitic sand samples strain soften with the 

hydrocarbon saturated sample continuing to do so until the test is terminated at 

20% axial strain. However, at 14% axial strain the rain water saturated sample 

begins to strain harden and similarly at 16% strain the sea water saturated sample 

follows suit (Fig. 6.22(a)). Both samples strain harden until the tests are 

terminated. This behaviour is also reflected in deviatoric stress/mean effective 

stress space (Fig. 6.23(a)). In addition, whereas shear at constant volume is 

succeeded by dilation for the hydrocarbon saturated sample, for both the rain water 

and sea water saturated samples this is succeeded by contraction as the samples 

strain harden (Figs. 6.22(b) and 6.23(b)).

As considerable strains were attained during uniaxial compression to 60 MPa axial 

effective stress, samples of AI Bahrani ooids underwent only limited undrained 

shear deformation. For example, B-R60-KU commenced undrained shear at 17.5% 

axial strain and the test was terminated at 20% axial strain. Consequently, 

determination of any pore fluid type effect is difficult. However, it can be said that 

the hydrocarbon saturated sample continues to strain soften and at the end of the
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test was already starting to dilate and tended towards a constant stress state more 

readily than the aqueous fluid saturated samples (Figs. 6.24(a) and 6.25(b)). The 

sea water saturated sample (B-S60-KU) strain hardened as the test was ended 

(Figs. 6.24(a) and 6.25(a)) and simultaneously contracted in pore volume (Figs. 

6.24(b) and 6.25(b)). Sample B-R60-KU was not strained sufficiently and at the 

termination of the test was shearing at constant volume and undergoing strain 

softening.

6.5.3 Effect of initial grain size

Results of undrained shear deformation of Sadiyat Delta ooids, Sadiyat Island ooids 

and AI Bahrani Delta ooids are compared for effects of initial grain size. These 

sediments are sieved to provide a sediment with a median initial grain size of 425 

pm, 300 pm and 212 pm respectively. Again, the initial uniaxial compression of 

each test is not shown, as this deformation has been fully described in Chapter 5.

Figures 6.26-6.31 show the effect of initial grain size on the undrained shear 

behaviour of hydrocarbon, rain water and sea water saturated samples of oolitic 

sand. In general, there is very little effect of grain size on the shear behaviour of 

oolitic sands, with samples at the same stress magnitudes showing similar styles of 

deformation. However, any trends that are seen within the data are described below 

and discussed in Section 6.6.3.

Firstly, samples sheared from an axial effective stress of 7 MPa, consistently show 

a lesser degree of strain hardening seen in the smallest grain size samples (AI 

Bahrani Delta/212 pm), irrespective of the pore fluid type present. Hence, more 

strain is required in the smallest grain size samples to reach a state of shear at 

constant stress conditions (Fig. 6.26(a)).

In undrained shear tests from 32 MPa axial effective stress, there is variation in 

behaviour between samples of different grain sizes, with some strain hardening at 

failure whilst others strain soften (e.g. Fig. 6.31(a)). However, there is no distinct 

trend in shear behaviour which can be directly attributed to the effect of grain size. 

Similarly, samples sheared from 60 MPa show variable shear characteristics which 

cannot be directly attributed to a trend in grain size. For example. Figures 6.28(a)
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Fig. 6.29: Undrained shear data for oolitic sand saturated in a pore fluid of rain water (R). Tests were 
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size (d) on the deformation. Three different grain size samples have been used: Sadiyat Delta ooids 8 
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and 6.29(a) show that following a peak deviatoric stress, sample A-R60-KU shows 

little strain softening before strain hardening takes the sample to a state of even 

higher deviatoric stress than seen at the initial peak stress. In addition, this sample 

contracts in pore volume as it hardens whereas, both the larger and smaller grain 

size samples (S-R60-KU and B-R60-KU) dilate in volume as they strain soften.

The behaviour described at 60 MPa for the rain water saturated samples is also 

found in samples saturated with sea water. The intermediate grain size sample (A- 

S60-KU) strain hardens and contracts in pore volume as the critical state is 

approached (Figs. 6.31(a) and (b)). In addition, this strain hardening is seen for all 

grain size samples when saturated in sea water (Figs. 6.31(a) and (b)). However, 

although it strain hardens as the critical state is approached, the largest grain size 

sample (SS60-KU) increases in pore volume (Rg. 6.31(b)).

6.5.4 Summary

Rgure 6.32 illustrates the general undrained stress paths, for samples of oolitic 

sand sheared from axial effective stresses of 7, 32 and 60 MPa. The most 

significant observation of all the shear data, is that there is a critical applied stress 

on the Ko compression line, lying between 7 and 32 MPa axial effective stress (or 

between 5 and 20 MPa mean effective stress), at which the shear characteristics of 

oolitic sand change in nature. Above this critical stress, samples exhibit a peak 

stress and strain soften at an essentially constant pore volume, whilst below this 

critical stress, samples strain harden and dilate (Rg. 6.32). These phenomena 

occur regardless of the saturating pore fluid type or grain size of the sediment. 

However, there are minor effects in shear behaviour which appear to be a result of 

the grain size or pore fluid type present. However, these effects are relatively 

insignificant when compared with the effect of stress magnitude. These 

observations are summarised below and discussed further in Section 6.6.

In response to the onset of undrained loading conditions, all samples exhibit a 

small degree of strain hardening, with deviatoric stress increasing with decreasing 

mean effective stress at an approximately constant pore volume (Rg. 6.32). For 

most samples, this strain hardening is of the order of a IMPa increase in deviatoric 

stress. Exceptionally, for the smallest grain size sample saturated in hydrocarbon
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(B-H60-KU) this effect Is more pronounced, with strain hardening continuing for up to 

a 2 MPa increase in deviatoric stress until a peak stress is reached (e.g. Fig. 

6.26(a) and (b)). This anomaly is attributed to sample variability.

Following the small Initial strain hardening generally seen in all samples, there are 

distinct differences in behaviour with samples sheared from different initial stress 

magnitudes (Fig. 6.32). Samples uniaxially compressed to an axial effective stress 

of 7 MPa do not exhibit a peak strength but instead show continued strain 

hardening with the pore volume increasing in magnitude i.e. they exhibit di latency 

hardening (Fig. 6.32). A larger grain size appears to promote a higher degree of 

strain hardening. Thus, the critical stress state Is more readily attained and 

deformation continues at constant stress (e.g. Fig. 6.26(a)). However, it should be 

noted that this apparent grain size effect is very slight. In general, it can be said 

that, all samples dilate during undrained shear when deformed from an initial axial 

effective stress of 7 MPa.

Samples sheared from axial effective stresses of 32 MPa and above, all attain a 

peak stress followed by strain softening, at approximately constant pore volume 

(Fig. 6.32(b)). These peak strengths appear to be slightly enhanced in the presence 

of an inert hydrocarbon pore fluid (Figs. 6.20(a), 6.22(a) and 6.24(a)). This is most 

clearly seen for samples sheared from 60 MPa axial effective stress. However, this 

pore fluid type effect is small.

With regard to strain softening behaviour, samples sheared from 32 MPa show a 

drop in deviatoric stress of up to 4 MPa (Fig. 6.32(a)). As the critical state is 

approached, all samples sheared from 32 MPa dilate and continue to dilate until 

the tests are terminated. There are fluctuations seen in the behaviour of samples 

deforming at or near the critical state with slight strain hardening and/or softening 

effects seen in all samples. However, at this stress magnitude no distinct trends in 

critical state behaviour are seen as a result of grain size or pore fluid type present.

Samples deformed from 60 MPa axial effective stress, strain soften considerably 

following peak stress, more so than samples deformed from 32 MPa, with 

deviatoric stresses decreasing by up to 10 MPa (Fig. 6.32). In addition, these higher 

stress samples never shear at conditions of true constant stress and in some
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cases revert to strain hardening (e.g. Fig. 6.10(a)). The hydrocarbon saturated 

samples continue to strain soften following a peak stress, whereas, the aqueous 

fluid saturated samples revert to strain hardening readily (e.g. Fig. 6.22(a)). For the 

intermediate grain size sample this effect is seen most strongly in the presence of 

rain water (A-R60-KU). For the larger grain size sample, sea water (S-S60-KU) 

promotes most strain hardening (Fig. 6.20(a)). No distinct behavioural trends with 

grain size are seen at the critical state. However, the sediments do behave 

differently, with the intermediate grain size samples (Sadiyat Island ooids/300 pm) 

exhibiting higher degrees of strain hardening than seen in the other samples.

At initial stresses of 7 and 32 MPa, dilation is seen in all samples as they approach 

an ultimate state (Fig. 6.32). However, at 60 MPa, as an ultimate state is 

approached, the samples do not always dilate (Fig. 6.32) with some samples 

exhibiting contractive behaviour. This is true for the intermediate grain size samples 

saturated in aqueous pore fluids (Figs. 6.11(a) and 6.13(a)). Contraction is also 

seen with the sea water saturated smallest grain size sample (B-S60-KU). However, 

the other samples of AI Bahrani Delta ooids did not undergo sufficient shear to 

determine whether this effect would have also been seen in the presence of 

hydrocarbon or rain water pore fluids.

6.6  Discussion

The preceding summary has shown that the magnitude of the applied axial effective 

stress is the most influential factor on the shear behaviour of oolitic sands. When 

sheared from low stresses (7 MPa axial effective stress), the undrained shear 

behaviour is characterised by di latency hardening. However, at stresses above a 

critical value, lying between 7 and 32 MPa axial effective stress, shear behaviour is 

characterised by strain softening at an approximately constant pore volume. 

Conversely, the effects on shear behaviour of pore fluid type and grain size are 

relatively minor. These findings, and the application of the critical state model to the 

shear behaviour of oolitic sands, are discussed in the following sections.
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6.6.1 Effect of stress magnitude

One dimensional or uniaxial Kq compression Is a special shear process combining 

both compression and shear strains. As has been described In Section 2.5.4.1, in 

the critical state model, the Kq stress path lies on the Roscoe surface between the 

projections of the Isotropic normal consolidation line and the critical state line (Fig. 

2.21). As deformation occurs at the state boundary surface, strains along a Kq path 

can be both elastic (recoverable) and plastic (Irrecoverable). If sediments are then 

to be subjected to undrained shear conditions It Is expected that the stress/pore 

volume paths would traverse the Roscoe surface and terminate at the critical state 

line (Fig. 2.18, Section 2.5.4). However, experiments presented In this chapter 

show that at low effective stresses of 7 MPa, this expected shear behaviour Is not 

seen. Instead, at low stresses, the material behaves In a similar way to 

overconsolldated clays and dense sands with an Initial state which Is 'dry of critical’ 

(Section 2.5.3).

Oolitic sand samples have been uniaxially compressed along a ‘Kq path’, to axial 

effective stresses of 7, 32 and 60 MPa, and then subjected to continued axial 

loading under undrained conditions. The results have shown that all samples tend 

towards a critical state, and at the termination of undrained shear are deforming at 

an approximately constant state of stress (Fig. 6.32). Hence, a critical state line can 

be superimposed on the data, connecting data points, which represent states of 

constant stress and voiume. An example of this Is shown In Figure 6.33, using the 

data for Sadiyat Delta ooids saturated In rain water. In deviatoric stress/mean 

effective stress space, the critical state line, as expected, lies above and to the left 

of the Kq line and would pass approximately through the origin. (Fig. 6.33(a)). 

However, If the critical state line Is projected onto normalised specific volume/mean 

effective stress space (Fig. 6.33(b)), the relationships of the stress paths are very 

different from what Is expected (see Fig. 2.21): For oolitic sands, the Kq line is 

found to cross the critical state line at approximately 9 MPa mean effective stress 

and a normalised specific volume of 0.965, equivalent to an applied axial effective 

stress of approximately 16.5 MPa. Hence, at a mean effective stress of less than 9 

MPa, the oolitic sand behaves as 'dry of critical’ with Its stress/pore volume state 

lying to the left and below the critical state line and the state boundary surface (Fig.

6.33).
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This behaviour at low stresses can be attributed to the Virgin overconsolidated' 

states known to occur in newly deposited sediments (Section 2.5.3). At low 

stresses, it is often not possible for the packing of particle in coarse grained 

sediments to be sufficiently loose for normal consolidation to occur (Coop 1990). 

This observation has previously been noted in oolitic sands, with Frossard (1979) 

finding that it was experimentally impossible to obtain samples of ooids which were 

in a loose enough state for notable dilation not to occur during straining. Figure 

6.33 illustrates from the projection of the critical state line that for oolitic sands to 

be at the critical state at low stresses, the specific volume would have to be 

infinitely large.

By definition, as the state of the oolitic sand sample at low stresses lies below the 

state boundary surface, deformation is elastic and recoverable (Section 2.5.4). 

Consequently, the initial part of the uniaxial Kq compression stress path, at mean 

effective stresses below approximately 17 MPa, can more accurately be described 

as a 'swelling line' (Fig. 6.33 and Section 2.5.4). This swelling line crosses the 

critical state line in specific volume/mean effective stress space and converges with 

the projection of the uniaxial Kq compression line (Fig. 6.33). At this point, 

deformation proceeds by both elastic and plastic strains along the Kq path on the 

Roscoe state boundary surface (Section 2.5.4). Hence, the sample changes from a 

virgin overconsolidated state ('dry of critical') to a normally consolidated state (\vet 

of critical'). Figures 6.33 illustrates these stress path relationships in two 

dimensional p ’-q’ space and p ’-v space. However, the relationships can be more 

easily understood in three-dimensions as illustrated in Figure 6.34.

For samples of Sadiyat Delta ooids, saturated in rain water, the critical pressure for 

the onset of grain crushing (Zhang et a/. 1990) can be estimated as approximately 

30 MPa axial effective stress (Fig. 5.4(a)). This is equivalent to approximately 17 

MPa mean effective stress and 20 MPa deviatoric stress. In Figure 6.34, this stress 

state equates to the point on the stress path where the swelling line meets the 

Roscoe state boundary surface and continues as a Kq compression line. In other 

words the stress state at which grain crushing commences is equivalent to the 

stress state at which irrecoverable deformation may occur, in the critical state 

model.
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From the above discussion, at the onset of undrained shear deformation, sample S- 

R07-KU has been uniaxially compressed to 7 MPa axial effective stress but is below 

the state boundary surface in specific volume/mean effective stress/deviatoric 

stress (v -p '-q O space. Hence, the sample is 'dry of critical’ and has a fabric which 

is more dense than that at the critical state. With continued loading under 

undrained conditions, the sample deforms at constant volume and strain hardens 

with deviatoric stress increasing and mean effective stress decreasing (Fig. 6.32). 

This stress regime Is very short-lived with stress increases/decreases being only of 

the order of 1 MPa. Behaviour then changes to dilatant strain hardening or dilatancy 

hardening. This behaviour is typical of dense sands which follow a stress path up 

the Horslev state boundary surface towards the critical state line (Atkinson andIc

Bransby 1978, Coop 1990, Kageson-Loe 1993). Hence, at the start of undrained

shear, the state of the sample is already very close to the Horslev state boundary 

surface. Consequently, with continued axial loading, the state of the sample moves 

up a steep Horslev state boundary surface (Section 2.5.4) towards the critical state 

line. This behaviour continues until a constant state of stress is reached. As the 

sample deforms on the Horslev state boundary surface, deformation may be both 

elastic and permanent. Hence, it is possible that grain fracturing might occur, but no 

microstructural data is available to verify this.

As the sample approaches a state of shear at constant stress (Figs. 6.33 and

6.34), there is continued dilation and a true critical state is not reached. This 

behaviour is generally seen in all samples at each grain size and each pore fluid. 

This quasi-critical state has been previously noted in sands (e.g. Atkinson 1993, 

Renner and Rummel 1996) and can be attributed to changes in sample properties 

due to grain crushing and the turbulent flow behaviour of sand grains during shear 

(Atkinson 1993, Section 2.5.3).

There is seen to be a significant change in shear behaviour, prior to shear at the 

critical state, which occurs between samples that have been initially uniaxially 

compacted to 7 MPa axial effective stress and those compacted to 32 MPa axial 

effective stress and above (Fig. 6.32). Samples sheared from stresses of 7 MPa, 

show dilatancy hardening, whereas, samples sheared from axial effective stresses 

of 32 MPa and above exhibit a peak strength followed by strain softening at 

approximately constant volume.
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From uniaxial Kq compression to axial effective stresses of 32 and 60 MPa, the 

onset of undrained shear is marked by a very short period of strain hardening and 

pore volume contraction. It is thought that this phenomenon is a response of the 

sample to the undrained conditions, with both the load and pore fluid pressure 

increasing. Uniaxial Kq compression is anisotropic compaction with both shear and 

normal compression occurring simultaneously. Hence, at the end of the uniaxial Kq 

compression stress regime, significant shear strains will already have been 

accumulated and a peak strength may rapidly follow. As the sample can now strain 

laterally, grain rearrangement and grain fracturing continue, resulting in strain 

softening of the sample. Drainage is prevented from the sample and deformation 

continues at essentially constant volume (Figs. 6.32 and 6.33). It is already known 

from microstructural studies, that grain crushing is significant in samples of oolitic 

sand uniaxially compressed to 32 and 60 MPa axial effective stresses (see Section 

5.6). Hence, it can be assumed that grain fracturing continues during shear. 

Unfortunately, no microstructural data are available to confirm this.

As with samples uniaxially compacted to 7 MPa, at higher stresses no samples 

attain true critical states. This is more pronounced for samples sheared from 60 

MPa than at 32 MPa. A state of constant stress at constant volume is tended 

towards, but as a true constant stress state is approached dilation of the sample 

generally commences (Fig. 6.33(b)). The inability of oolitic sand to deform at a true 

critical state can again be attributed to the turbulent flow behaviour of sands during 

shear.

6 .6 .2  Effect of pore fluid type

If a critical state failure line is projected onto the stress path diagrams for the 

undrained shear of oolitic sands it can be seen that the type of saturating pore fluid 

present has no effect on the position of the failure line (Figs. 6.35(a), 6.36(a) and 

6.37(a)). Therefore, it can be said that at the applied stress magnitudes the 

geometry of the failure envelope in stress path space for oolitic sands does not 

appear to be influenced by the type of pore fluid. However, the location of these 

critical states and the projection of the critical state line in specific volume/mean 

effective stress space is not so easy to ascertain (Figs. 6.35(b), 6.36(b) and 

6.37(b)). As is the case here, Burland (1988) and Coop (1990) have previously
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noted that whilst critical states can be defined well in terms of stresses their 

definition in terms of specific volume is less clear.

Although there appears to be little influence of pore fluid type on the failure 

envelope, deformation of oolitic sands, to 60 MPa axial effective stress, has already 

indicated that pore fluid chemistry has minor effects on the nature of the stress 

path (Section 6.5). From the uniaxial Kq compression results presented in Chapter 

5, it is known that as axial effective stresses approach 60 MPa, hydrocarbon 

saturated samples of oolitic sand appear to be able to sustain increasingly higher 

deviatoric stresses than do aqueous fluid saturated samples (Section 5.7.2). 

Microstructurally, at 60 MPa axial effective stress, higher proportions of spalled 

grains and crushed grain-to-grain contacts are found in aqueous fluid saturated 

samples compared with hydrocarbon saturated samples (Section 5.6.4). This 

increased spelling is thought to result from stress corrosion at crack tips with this 

process being inhibited in the presence of hydrocarbon (Section 5.7.2). Therefore, 

the presence of hydrocarbon appears to inhibit spelling and promote a higher shear 

resistance. Following the onset of undrained shear deformation, peak strengths are 

attained in all sediments sheared from axial effective stresses of 32 MPa and 

above. These peak strengths are found to be slightly higher for samples saturated 

in hydrocarbon compared with those saturated in aqueous fluids (Figs. 6.35(a), 

6.36(a) and 6.37(a)). This strength is probably a direct consequence of the 

increased shear resistance seen in hydrocarbon saturated samples during the 

uniaxial Kq compression regime.

Following the peak stress state, all samples sheared from 60 MPa strain soften at 

essentially constant volume (Figs. 6.35 to 6.37). It is assumed that the grain 

breakage and grain rearrangement which occur during Kq compaction continue to 

accommodate this softening in all samples. As critical state failure is approached 

general differences are again seen as a consequence of the saturating fluid type. 

Hydrocarbon saturated samples continue to strain soften but also dilate as a state 

of constant stress is approached (Figs. 6.35 to 6.37). Conversely, as a similar state 

of constant stress is approached, aqueous-fluid saturated samples tend to contract 

and harden along the critical state failure line. No microstructural data is available 

to determine if these differences in behaviour are a result of differing degrees and 

types of fracturing. However, this is likely to be the cause. It has already been
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established that more spalling occurs in the presence of aqueous fluids when 

samples are compacted to the higher axial effective stress of 60 MPa, with this 

behaviour being attributed to the Increased stress corrosion (Section 5.7). Hence, It 

Is likely that these deformation mechanisms are also operative during undralned 

shear. Hence, as samples approach a failure state. It Is possible that a greater 

degree of spalling will have occurred In aqueous fluid saturated samples, with this 

resulting In contractive and hardening behaviour at failure.

Higher peak strengths are also seen for samples compacted to 32 MPa axial 

effective stress. However, the differences between samples, saturated with differing 

pore fluids, are less distinct at this stress magnitude. This Is to be expected as 

stress corrosion Is a stress-dependent mechanism (Anderson and Grew 1977, 

Atkinson and Meredith 1989).

6.7.3 Effect of initial grain size

Figure 6.38 shows the projected critical state lines for Sadlyat Delta oolds (425 

pm), Sadlyat Island oolds (300 pm) and AI BahranI oolds (212 pm), taken from 

Figures 6.35 to 6.37. From the projections. It can be seen that the smallest and 

largest grain size oolds exhibit highly similar failure envelopes. However, the 

Intermediate grain size sample has a less steep’ failure line In p'-q’ space (Fig. 

6.38(a)). This Indicates that samples of Sadlyat Island oolitic sand would fall more 

readily for a given mean effective stress. This observation agrees with earlier 

findings which showed that the Intermediate grain size samples yield at lower 

stresses: The results of the uniaxial Kq compression tests (Chapter 5) showed that 

this Intermediate grain size oolitic sand commences grain crushing at lower 

stresses than the other samples. From the microstructural analysis, this behaviour 

was attributed to the nature of the grains, the Intragranular and Intergranular 

stresses and the Intragranular porosity (Section 5.7.3).

Shearing from low stresses of 7 MPa results In very similar stress paths for all 

samples regardless of grain size. However, the stress/strain behaviour reflects 

small differences which could be a result of the grain size. The two larger grain size 

samples consistently show a higher degree of shear resistance and attain a state of 

shear at constant stress at a lesser volumetric strain, regardless of the pore fluid
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type present (Section 6.5.3). This minor effect of grain size can be explained in 

terms of the packing of particles. It is known from the results presented in Chapter 

5, that no grain-scale deformation occurs during uniaxial Kq compression. Hence, it 

is thought that grains rearrange by frictional grain boundary sliding until they are 

locked' in a meta-stable packing configuration (Section 5.7.1). With increasing load, 

it is thought that the larger grain size samples attain a locked’ packing state more 

readiiy than the smallest grain size samples. Thus, when samples are sheared from 

7 MPa axial effective stress, the locking’ of the grains will impart a shear 

resistance which is enhanced in the larger grain size samples.

The shear behaviour at the higher stresses of 32 and 60 MPa, has not revealed any 

consistent trends due to the effect of grain size. The intermediate grain size 

samples have shown an increased tendency to contract and harden at failure, and 

this can again be attributed to the nature of the ooids, and their tendency to deform 

more readily then the other grain size samples. This finding agrees with Coop 

(1990), who also suggested that particle breakage gives rise to contractive 

behaviour (Section 6.1.1). Both Kageson-Loe (1993) and Renner and Rummel 

(1996) noted that contractive behaviour was favoured over dilative behaviour with 

increased grain size. However, no such trend has been noted in oolitic sands and 

this is attributed to the nature of the ooids and the individual nature of each oolitic 

sediment (Section 5.7.3).

6.7 Summary points

Oolitic sands are deposited in a Virgin overconsolidated’ or 'dry of critical’ state, in 

which the sample has an initial state which is more dense than the critical state. 

When these sands undergo uniaxial Kq compression, they deform along a swelling 

line, which lies below the Roscoe state boundary surface in specific volume/mean 

effective stress/deviatoric stress space. Hence, deformation is both elastic and 

recoverable. With increasing applied stress, this swelling line crosses the critical 

state line in specific volume/mean effective stress space and converges with the 

projection of the uniaxial Kq compression line. This occurs at the critical pressure for 

grain crushing and lies between 7 and 32 MPa axial effective stress, for all

303



samples. At this critical pressure, deformation proceeds by both elastic and plastic 

strains, and the state of the sample can be described as Vet of critical'.

The shear behaviour of oolitic sand varies significantly, depending on whether the 

samples are sheared from a state which is 'dry' or Vet of critical' on the uniaxial Kq 

compression path:-

• The undrained shear deformation of oolitic sands reveals that there is a 

significant change in behaviour with increasing stress, which is independent of 

the pore fluid type or grain size.

• When samples are sheared from low stresses, the deformation behaviour for 

oolitic sands is characterised by dilatancy hardening. However, at axial effective 

stresses above the critical pressure for grain crushing, lying between 7 and 32 

MPa, undrained shear deformation is characterised by a peak strength and 

strain softening at an essentially constant pore volume.

• The critical state model (Section 2.5.4) is applicable to oolitic sands. Samples 

sheared from a state which is 'dry of critical' have stress paths which traverse 

the Horslev surface towards the critical state line. Samples which are Vet of 

critical' have stress paths which traverse the Roscoe surface towards the critical 

state line. However, as all samples approach an ultimate state, none deform at 

a true critical state of constant stress and constant pore volume. Instead, 

samples generally show dilation with either strain hardening or strain softening. 

This behaviour is attributed to turbulent flow characteristics which occur in 

coarse-grained materials at failure.

• The shear behaviour of oolitic sands does not appear to show a grain size 

dependence. However, at stresses above the critical pressure for grain crushing 

(32 and 60 MPa axial effective stress) the intermediate grain size samples 

consistently show the least shear resistance. This phenomenon is attributed to 

the nature of the grains and a lower critical pressure for grain crushing, than 

seen in the other samples (as discussed in Chapter 5).

• The geometry of the critical state failure line is independent of pore fluid type, 

regardless of the grain size of the material.
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The presence of aqueous fluids reduces shear resistance at the highest 

stresses. This is thought to be a result of stress corrosion enhancing grain 

fracturing, which is inhibited in the presence of hydrocarbon. However this effect 

is minimal.
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1967, Lambe and Whitman 1979). However, there are relatively few experimental 

studies, which have investigated systematically the environmental, and lithogical 

controls of creep in aggregates at room temperature (e.g. Brzesowsky 1995).

The uniaxial time-independent compaction of oolitic sands has been shown to occur 

by grain rearrangement, grain fracturing and crushing at grain contacts, at effective 

stresses to 60 MPa (Chapter 5). Results showed that there was some evidence of 

pore fluid chemistry effects. However, there was no evidence of activity of time- 

dependent mechanisms such as pressure solution. However, pressure solution is 

known to occur in sediments during diagenetic processes and is particularly evident 

in naturally deformed carbonate sediments (Morse and Mackenzie 1990, Leeder 

1991). The .aim of this chapter is to determine if time-dependent mechanisms such 

as diffusive mass transfer and sub-critical grain cracking are operative during 

constant stress loading, and, furthermore, to determine the nature of the rate- 

controlling mechanism or mechanism associations.

Previous work has already established that aqueous fluids enhance both diffusive 

mechanisms and sub-critical grain cracking mechanisms (Atkinson and Meredith 

1989, Zhang et al. 1990, Spiers et al. 1990, Schutjens 1991, Brzesowsky 1995). 

In addition, decreased grain size is known to enhance diffusive mass transfer 

(Houseknecht 1987). This chapter attempts to provide a systematic study that 

determines the effect of controlling factors such as grain size, pore fluid type and 

stress magnitude, on the constant stress creep deformation of oolitic sands.

7.1.1 Previous studies of the creep deformation of aggregates

Summarised below are three studies, each of which has produced a constitutive 

equation for aggregate compaction creep by experimental or theoretical means. 

Each equation predicts a different rate-controlling mechanism or mechanism 

association. These are: (i) creep controlled by pressure solution (Spiers et al. 1989, 

1990); (il) creep controlled by a combination of pressure solution and time- 

dependent grain fracturing (Schutjens 1991); and (ill) creep controlled by time- 

dependent grain fracturing and crushing at grain contacts (Brzesowsky 1995). The 

results from this chapter will be compared with these models, in an attempt to 

ascertain the rate-controlling mechanism of creep deformation in oolitic sands.

306



7.1 .1 .1  Spiers éta l. (1989, 1990)

Spiers et al. (1989) derived three theoretical expressions for the compaction creep 

rate of aggregates by intergranular pressure solution. These three equations differ 

in that they each consider different rate-controlling factors, with these being 

dissolution-control, diffusion control and precipitation control, respectively

P = Dissolution-controlled creep (7.1)
C/.8

M .a .’

(c = 1 for spherical grains; c = 2 for cubic grains)

P = -3  ̂ Diffusion-controlled creep (7.2)

(c = 2 for spherical grains; c = 4 for cubic grains)

N  o 'P = ---  ̂ Precipitation-controlled creep (7.3)
d.s[

(c = 2 for spherical grains; c = 4 for cubic grains)

Where, P is the volumetric creep strain rate ,̂ defined as - V /V , where V is the 

instantaneous rate of volume change and V is the instantaneous sample volume. 

Hence, p can be described as an incremental strain rate; L, M  and N are 

temperature dependent factors; o^’ is the applied effective stress; d is the grain 

size; e js  the volumetric creep strain with the exponent c varying for each equation 

as shown.

From Equations 7.1 and 7.3, if the rate-controlling steps are dissolution or 

precipitation, the volumetric creep strain rate P has a linear dependence of the 

applied effective stress and an inverse linear dependence on grain size (Equations 

7.1 and 7.3). Conversely, if the rate-controlling step is diffusion, the volumetric 

strain rate p again has a linear dependence of the applied effective stress but an 

inverse cubic dependence on grain size (Equation 7.2). All equations apply to 

strains up to 20% and are valid for both hydrostatic and uniaxial Kq compaction,

 ̂ It should be noted that although the volumetric creep strain rate is denoted here as p , Spiers et al. 

(1990), Schutjens (1991) and Brzesowsky (1995) denote it by the symbol p .
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provided grain boundary sliding can easily occur and that no fabric develops (Spiers 

et al. 1990). However, it could be argued that all deformation results in some form 

of fabric development.

Spiers et al. (1990) tested these theoretical equations for creep rate with the 

experimental deformation of rocksalt aggregates. One-dimensional compaction tests 

were performed on dry samples of rocksalt, at a constant applied axial stress of 2.1 

MPa. This led to an essentially time-independent compaction, resulting in porosities 

of approximately 42%. Following this initial loading, the samples were unloaded, 

flooded with a NaCI solution at one atmosphere, and reloaded to 2.1 MPa. Different 

grain size samples were also tested. In addition, although most tests were 

performed at 22°C, some tests were performed at elevated temperatures of 65 and 

90°C. Results showed that negligible compaction creep occurred during dry 

compaction. However, under fluid saturated conditions, rapid creep strains 

occurred, with all data showing that creep strains increased with decreasing grain 

size, increasing temperature and increasing stress magnitude (Fig. 7.1). 

Microstructural observations showed that all samples contained textures with weil- 

deveioped pressure soiution.

Spiers et al. (1990) showed that their experimental data fitted the theoretically 

derived equation, of Spiers et al. (1989), for diffusionai creep of aggregates, with 

the volumetric creep strain rate showing an inverse cubic dependence on grain size. 

In addition, when the applied effective stress, grain size and temperature are fixed, 

the data show that the volumetric creep strain rate is proportional to l/sv". Where, n 

ranges from a value of 2, at volumetric strains of less than 10%, to 4-5, for strains 

of 20-25%.

7.1 .1 .2  Schutjens (1991)

Schutjens (1991) found that the theoretically derived equation of Spiers et al. 

(1989), for compaction creep by diffusionai solution transfer, did not agree with 

experimental results for the compaction creep of quartz sands. Schutjens (1991) 

carried out compaction creep tests on quartz sands at constant applied effective 

stresses ranging up to 20.7 MPa. Pore fluid pressures ranging from 12.5 to 15 MPa 

and temperatures from 150-350°C. Samples were composed of grain sizes in the
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range 20-100 jim and pore fluids were brines saturated with silica. A stress- 

stepping procedure was applied during testing in order that the relationship between 

the volumetric strain rate and effective stress could be investigated. Samples were 

loaded at the rate of 1.5 to 2 MPa per day, and then held at certain stress 

magnitudes and allowed to creep for several days. This process was repeated until 

the maximum desired stress magnitude was attained.

In order to develop a quantitative description of the compaction creep behaviour of 

quartz sands, Schutjens (1991) determined an expression for the volumetric creep 

strain rate based on his experimental data. He assumed that the dependence of the 

volumetric creep strain rate with experimental variables of stress and volumetric 

strain to be a power law relationship, and that the dependence of volumetric creep 

strain rate on temperature followed an Arrhenius-type relationship:-

P = 4 o /E ;e x p (-A H /R r )  (7.4)

Where, temperature T = 523-623 K (250-350®C); applied effective stress 15 

MPa; activation energy AH = 61-76 kJ/mol; the gas constant R is the universal gas 

constant. In the range 250-300°C, b = 3  and c = -5 to -8; and at 350°C, b = 2 and 

c = -1 to -2. This relationship shows the dependence of the volumetric creep strain 

rate on both effective stress and volumetric strain to be much greater than that 

predicted by Spiers et al. (1989). In addition. Spiers at si. (1989) showed an 

inverse cubic dependence of volumetric strain rate on grain size. However, 

Schutjens (1991) data showed no clear dependence of the strain rate on grain size 

at the temperatures investigated. However, it should be noted that the experimental 

data at the higher temperature is closer to the theoretical relationship of Spiers at 

al. (1989) than the data at the lower temperature.

Microstructural observations indicate a decrease in the frequency of grains showing 

microcracks and crushing features at grain contacts and an increase in the extent of 

intergranular pressure solution (grain contact truncations/indentations) with 

increasing temperature (Schutjens 1991). Hence, there appears to be a transition 

of creep mechanism, from time-dependent microcracking at the lower temperatures, 

to intergranular pressure solution at the higher temperatures (Schutjens 1991).
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Schutjens (1991) postulated several reasons for the difference between his 

experiments and the theory of creep behaviour by pressure solution (Spiers et al. 

1989). Firstly, it could be that the observed behaviour falls into a transition zone 

between the dominant operation of two deformation regimes: Compaction by time- 

independent micro-cracking and compaction by intergranular pressure solution. 

Secondly, Spiers at a/.’s (1989) model requires that the aggregate does not develop 

a preferred orientation. Thirdly, the dependence of volumetric strain rate on 

volumetric strain Is not only a function of the rate-controlling process, but a function 

of the grain shape as well. Therefore, as shape changes with fracturing and grain 

contact truncation, the dependence of the volumetric creep strain rate on volumetric 

creep strain will also change.

7 .1 .1 .3  Brzesowsky (1995)

Brzesowsky (1995) performed uniaxial compaction creep experiments on quartz 

sands under both dry and fluid flooded/drained conditions using aqueous fluids of 

varying salinity and an inert hydrocarbon for control purposes. Applied effective 

stresses (ranging 7.2 to 30 MPa) and grain size (196116, 275125 and 378 122 

pm) were also independently varied. Pore fluids were drained to atmosphere and all 

tests were performed at room temperature. Brzesowsky (1995) did two types of 

uniaxial constant stress creep tests: (i) two stage creep tests where samples were 

Initially loaded dry, unloaded and flooded with pore fluids and finally reloaded to the 

same stress; and (11) single stage creep tests where samples were saturated before 

loading to the desired stress.

Results showed that pore fluids accelerated creep, with saline fluids promoting the 

highest creep and hydrocarbon only slightly enhancing creep over dry samples (Fig. 

7.2(a) and (b)). Compaction creep rates were also increased with increasing stress 

(Fig. 7.2(c) and (d)) regardless of whether the sample was dry or fluid saturated. 

However, the effect of grain size was less clear cut, with the intermediate grain size 

sample exhibiting faster creep in the first eight days then the other samples (Fig. 

7.2(e) and (f)). Conversely, dry samples showed that creep was favoured in larger 

grain size samples.

Microstructural data showed that samples saturated with an aqueous pore fluid
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showed a higher proportion of failed grains and a higher proportion of cracks per 

grain than either dry or hydrocarbon saturated samples. In addition, Increased 

salinity resulted In more deformation and fracturing was dominated by spalling and 

transgranular fracturing. At applied stresses of 30 MPa, failed grains showed 

Intense grain fragmentation, radiating from graln-to-grain contacts. With regard to 

grain size, a slight Increase In the number of broken grains was seen with Increasing 

grain size. Finally, increasing stress magnitude appeared to promote a major 

Increase In the number of fractured grains.

The unsystematic Influence of grain size observed In the two stage test. Is Inferred 

by Brzesowsky (1995) to be due to the larger amount of volumetric creep strain (I.e. 

brittle damage accumulated by the larger grain size sample during the dry creep 

stage), leading to a relatively larger grain size reduction than the other size fraction 

samples. Hence, a slower creep rate would occur In the flooded phase. In addition, 

acoustic emission monitoring of the process recorded the highest number of 

emissions per unit of volumetric strain In the largest grain size (Brzesowsky 1995).

In summary, Brzesowsky (1995) postulated that the room temperature creep 

behaviour of quartz sand aggregates Is controlled by time-dependent contact 

cracking leading to crushing of grains. In addition, creep Is promoted by a chemically 

active pore fluid, by Increased salinity, by Increased grain size and by Increased 

applied stress. Brzesowsky (1995) also hypothesised that crack growth by stress 

corrosion occurs In the presence of aqueous fluids.

In terms of an empirical power law relationship, Brzesowsky (1995) expresses the 

volumetric strain rate, for fluid-saturated conditions, as:-

. 15
p OC c f X  (7.5)

In addition, although not stated In his equation for creep, Brzesowsky’s data show 

that volumetric creep strain rate P has a power-law dependence on volumetric 

creep strain Sy of approximately -4  (Figs. 7.2(b), 7.2(d) and 7.2(f)). If this 

relationship Is added to Equation 7.5, the modified equation Is of the form:-

p o c d % % -^  (7.6)

313



7.2 Experimental programme

Presented In this chapter are the results of constant stress creep tests performed 

on the three different oolitic sands collected for this study: Sadiyat Island ooids, 

Sadiyat Delta ooids and Al Bahrani Delta ooids. Each sediment provides a different 

grain size to be used as an experimental variable, with these being 425 pm, 300 

pm and 212 pm, respectively (Section 4.4.3). As with the uniaxial Kq compression 

and shear tests, each of these sands has been experimentally compacted in the 

presence of each of the three pore fluids used in this study: an inert hydrocarbon 

(Exxsol-D60), simulated rain water and simulated sea water (Section 4.4.2 and 

Appendix 1).

The uniaxial Kq compression experiments were undertaken in order to study the 

behaviour of oolitic sediments during compression to three different axial effective 

stress magnitudes of 7, 32 and 60 MPa. For the shear tests, the samples 

underwent undrained shear from the same axial effective stress conditions. 

Similarly, for the constant stress creep tests presented here, samples have been 

uniaxially compressed to the same three axial effective stresses before being held 

at these stresses and allowed to creep.

A creep test duration was needed that was long enough for samples to exhibit creep 

deformation characteristics, but short enough to enable a sufficient number of tests 

to be performed within the available time. In order to determine the optimum test 

duration, initial creep tests were run for periods of up to 148 days. These 

experiments showed that load instability occurs over extended periods of time, and 

often before 15 days of testing were completed (Fig. 7.3). These load fluctuations 

make any interpretation of the data difficult. The reason for these fluctuations is 

uncertain, but it is thought that they could result from power surges. Figure 7.3 also 

shows that, after just a few days of creep deformation, there is little change in the 

creep strain characteristics of oolitic sands. Hence, in view of the time constraints 

and load instabilities, the general test duration was set at 14 days.

The constant stress creep experiments were performed using oedometric cells 

which ensure lateral confinement of the sample (negligible radial deformation) and, 

hence, an approximate Kq compression path. The 32 and 60 MPa creep tests were
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performed in the Chen-Hui oedometric cells (see Section 4.5.2). However, because 

of time-constraints, the 7 MPa tests were performed in a low pressure brass 

oedometric cell (see Section 4.5.3). Ideally, all tests would have been performed in 

the Chen-Hui cells to ensure that true comparisons could be made when considering 

the effect of stress magnitude on creep deformation. However, as the creep tests 

presented in this chapter total 1,004 days of testing, this would prove logistically 

unfeasible.

Table 7.1 shows the sample dimensions and experimental parameters for each of 

the creep experiments presented in this chapter. It should be noted that the sample 

number suffix X)' indicates that the sample was tested for approximately 14 days, 

whereas, the suffix 'CT’ indicates an extended period of testing ranging to 148 

days.

7.3 Experimental techniques

7.3.1 Chen-Hui oedometric cells

The equipment and sample set-up, for tests performed in the Chen-Hui cells, are as 

described in Section 4.5.2.

Load is initially increased to 1.5 MPa by jacking up the base pedestal, using the 

hand ram; at the same time, the pore pressure is increased to 1 MPa, where it is 

held constant. Thus, an initial effective stress of 0.5 MPa is established, as with all 

other experiments performed for this study. After establishing these initial 

conditions, loading is achieved rapidly by increasing the pressure supply to the 

hydraulic Jack. Once the desired axial effective stress is reached, tests are held 

under these conditions until the test is terminated.

Axial load, axial displacement, pore pressure and volume of fluid expelled are all 

measured. Samples are 37 mm in diameter and have an approximate height to 

diameter ratio of 2:1. Following testing, samples are handled as for the uniaxial 

compression tests described in Section 5.3.2.
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Test
number

Grain
size

d(iim)

Pore fluid 
type

Height/
diameter

ratio

Initial axial 
effective stress 

a /  (MPa)

Initial
porosity

Duration

(days)

Volumetric 
creep strain

£v (%)

Comments

S-H07-C 425 inert hydrocarbon 2.05 7 41.1 14 0.06

S-H07-CT 425 inert hydrocarbon 2.65 7 40.5 27 0.14 Slight jump in applied stress

S-R07-C 425 rain water 2.53 7 38.7 14 0.12

S-S07-C 425 sea water 2.58 7 40.5 12 0.18 Left overnight prior to testing

S-H32-C 425 inert hydrocarbon 2.02 32.7 39.2 10 0.97 Left over w/end prior to testlng/Terminated prematurely

S-R32-C 425 rain water 2.18 30.7 39.7 14 1.45 Left over w/end prior to testing

S-S32-C 425 sea water 1.94 32.7 38.1 10 2.04 Terminated prematurely due to drop in load

S-H60C 425 inert hydrocarbon 2.07 60.3 36.2 14 2.94

S-R60-C 425 rain water 2.05 60.1 35.5 17 3.28

S-S60C 425 sea water 2.12 60.3 35.6 14 3.03 Left ovemight prior to testing

S-S60-C2 425 sea water 1.89 60.3 35.0 14 3.09 Jump of 5 MPa in applied stress

A-H07-CT 300 inert hydrocarbon 3.55 7 42.2 82 0.41 Very large H/D ratio. Left 2 days prior to testing

A-R07-CT 300 rain water 3.50 7 42.7 83 0.86 Very large H/D ratio. Gas pressure leaking

A-S07-CT 300 sea water 3.38 7 43.3 21 0.40 Very large H/D ratio.

A-H32-CT 300 inert hydrocarbon 1.96 31.2 38.2 148 0.57

A-R32-CT 300 rain water 2.24 31.3 39.6 31 2.11 Cell leaking

A-S32-CT 300 sea water 2.07 31.1 35.8 148 1.89

A-H60-CT 300 inert hydrocarbon 2.20 60.0 35.5 21 0.95

A-R60-CT 300 rain water 2.21 59.9 36.7 23 0.58

A-S60-CT 300 sea water 2.00 60.0 34.2 25 0.31

Table 7.1(a): Constant stress creep experiments performed in the Chen-Hui cells on Sadiyat Delta and Sadiyat Island oolitic sand at room temperature. Test conditions as 
shown. (The term Initial’ relates to conditions at the end of uniaxial compression and at the start of creep.)



Test
number

Grain
size

d(nm)

Pore fluid 
type

Height/
diameter

ratio

Initial axial 
effective stress 

a /  (MPa)

Initial
porosity

Duration

(days)

Volumetric 
creep strain

£ v (% )

Comments

B-H07-CT 212 inert hydrocarbon 2.60 43.2 31 0.73

B-R07-C 212 rain water 2.60 42.8 14 0.46

B-S07-C 212 sea water 2.28 43.7 13 0.39 Drop in pressure due to leaky valve (day 7)

B-H32-C 212 inert hydrocarbon 1.96 31.1 45.0 14 0.15 Volume gauge leaking

B-H32-CT 212 inert hydrocarbon 2.03 31.4 42.5 58 1.36 Test delayed for three days following sample setup

B-R32-C 212 rain water 1.99 30.9 44.2 14 0.44

B-S32-C 212 sea water 1.83 30.9 41.7 13 2.27

B-S32-CT 212 sea water 1.95 31.4 42.8 58 2.87 Test delayed for three days following sample setup

B-HBCC 212 inert hydrocarbon 2.03 59.8 38.5 14 2.71 Left ovemight prior to testing

B-R60-C 212 rain water 2.06 60.9 39.7 16 4.17 Volume gauge leaking

B-S60-CT 212 sea water 2.03 59.9 37.4 19 3.89

Table 7.2: Constant stress creep experiments performed In the Chen-Hui cells on Al Bahrani Delta oolitic sarrd at room temperature. Test conditions as shown. (The term 'initial' 
relates to conditions at the end of uniaxial compression and at the start of creep.)



7.3 .2  Brass oedometric cell

The brass oedometer used for the 7 MPa constant axial effective stress creep 

tests, and sample set-up is fully described in Section 4.5.3.

The load is applied to the sample by supplying gas pressure to the pneumatic piston 

(Section 4.5.3). This pressure is set to provide the required load of 7 MPa and is 

applied instantaneously at the opening of a connecting valve. Pore fluids from the 

sample are allowed to drain freely, via the base pedestal, to atmospheric pressure. 

Sample diameter is 40 mm and height to diameter ratio ranges from 2:1 to 3.5:1 

for these samples (Table 7.1).

During testing, readings of axial displacement and axial load are recorded. It should 

be noted that all readings are hand-logged, resulting in fewer data points than seen 

for samples tested in the Chen-Hui cells. Following testing, samples are handled as 

for the other oedometric experiments (Section 5.3.2).

7.4 Data reduction

General data reduction and error analysis for the parameters used to describe the 

constant stress creep tests are as detailed in Section 5.4 and Appendix 2. An 

additional parameter which is introduced in this chapter is that of volumetric creep 

strain rate p , an incremental strain rate, as determined by Spiers et al. 1990 

(Section 7.1.1.1). The volumetric creep strain rates P were determined by 

differentiation of the displacement/time data. Plotting data with these parameters 

shows how strain rate changes with accumulated strain.

An initial normalisation is performed which considers the sample to have zero strain 

at zero time when the sample is initially consolidated to 0.5 MPa vertical effective 

stress. This normalisation ensures that the data is standardised to that of the Kq 

tests performed in both the Chen-Hui cells and the triaxial cells as these have also 

had this normalisation (see Section 5.3.3). This process also reduces the effect of 

initial sample packing on the resultant strains.

319



7.4 .1  Strain partitioning

In order to analyse the creep data successfully, partitioning of the creep strain data 

is necessary. Othenvise, the very small strains accumulated during creep 

deformation would be masked by the large strains experienced during the initial 

uniaxial compression of the sample to the desired effective stress.

Partitioning of the creep strain data to a strain/time datum eliminates the large 

strains accumulated during uniaxial compression from the dataset; thus, allowing 

study of the behaviour of oolitic sands at very slow strain rates. This datum was 

taken at the point when the desired maximum axial effective stress was reached. At 

this datum, strains resulting from time-independent deformation are deducted and 

time is set to zero. Consequently, all strain recorded after this point is assumed to 

result from creep deformation at constant stress conditions and is termed 'creep 

strain’.

7.5 Experimental results

It was not possible to repeat experiments due to time constraints, and the 

consistency of the data, in most cases, cannot be verified for the results presented 

here. However, the influence of initial porosity on the strain data can be assessed. 

This is important, as the porosity is an inherent sample variable and has been 

shown by other workers to be an influential factor on strain (see Section 3.3.3). 

However, initial porosity was shown not to have a systematic effect on the ultimate 

volumetric strains during uniaxial Kq compression (Section 5.5.1.4). In addition, 

porosity did not appear to influence the strain magnitudes of samples deformed at 

increased strain rates (Section 5.5.4). However, strain rates during creep are 

considerably lower and initial porosity may prove influential on the ultimate strain 

magnitudes.

Figure 7.4 shows plots of initial porosity at the start of creep ((j)̂  ) against volumetric 

creep strain (Sy) after 14 days of creep deformation, for all samples deformed at 

constant axial effective stresses of (a) 60 MPa, (b) 32 MPa and (c) 7 MPa. As with 

samples deformed at higher strain rates, the data again show that there is no
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consistent effect of the porosity at the start of creep on the magnitude of strain 

after 14 days of creep deformation. Sadiyat Delta ooids, in particular, show clearly 

that variations in porosity of over 2% result in similar strain values (Fig. 7.4(a) and 

(c)).

Ail subsequent figures are plotted to show the volumetric creep strain with time, 

and the volumetric creep strain rate P against volumetric creep strain . This 

enables a direct comparison to be made of the creep data for oolitic sands, 

presented here, with the work of Brzesowsky (1995), Spiers et al. (1990) and 

Schutjens (1991) summarised in Section 7.1.1.

7.5 .1  Effect of stress magnitude

Figures 7.5 to 7.13 present the constant stress creep data for ail samples of oolitic 

sand from this study. Ail data show that volumetric creep strains and creep strain 

rates increase with increasing axial effective stress. In addition, the volumetric 

creep strain rates continually slow with increasing creep strain and never attain a 

constant rate (Figs. 7.5(b) to 7.13(b). However, within a few hours of the onset of 

creep deformation, the volumetric creep strain rates tend to an approximate power- 

law dependence on volumetric creep strain i.e. the plot becomes linear in log-log 

space (Figs. 7.5(b) to 7.13(b)). This observation is consistent for all samples 

deformed at axial effective stress magnitudes of 7, 32 and 60 MPa. As the 

magnitude of the power-iaw exponent is subject to interpretation, it is not further 

discussed here. However, slopes of -3  to -12  are placed on the graphs to aid the 

interpretation presented in Section 7.7.1.

The constant stress creep tests results for oolitic sands are described in detail 

below for each sediment type. Variations in behaviour due to pore fluid type and 

grain size are described separately in Sections 7.5.2 and 7.5.3, respectively.

7 .5 .1 .1  Sadiyat Delta ooids (425 |im)

Figure 7.5 presents the constant stress creep tests results for samples of Sadiyat 

Delta oolitic sand, of grain size 425 pm, saturated in hydrocarbon. The sample 

deformed at 60 MPa constant axial effective stress (S-H60-C) continues to strain
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for a duration of at least 14 days. Plot (a) shows the volumetric creep strain Sv data against cumulative 
time; Plot (b) shows volumetric creep strain rate p against volumetric creep strain Sy. Jumps in the data 
are due either to stick-slip phenomenon or small fluctuations in the effective stress. (<j>(, = the initial 
porosity at the start of the creep test i.e at the point when the stress has reached its maximum of 7, 32 
or 60 MPa. This point is also taken as the zero time and strain datum.)

323



after 14 days, although the strain rate decreases quasi-iogarithmicaiiy (Fig. 7.5(a)). 

The volumetric creep strain accumulated during this period is 2.9%. The 

volumetric strain rate p decreases to a minimum value of 3 x 10' °̂ s  ̂ (Fig. 7.5(b)). 

However, this very slow strain rate is associated with periods in between stick-slip 

events, which occur between the cell wall and the sample. Therefore, this very slow 

strain rate is not representative of what Is happening in the sample but Is an 

experimental artefact. Hence, an Interpreted value of 10"® s'̂  more accurately 

describes the minimum volumetric creep strain rate at the termination of the test.

At 32 MPa applied constant stress, sample S-H32-C volumetrlcally strains 0.6% over 

14 days. Although still deforming at the termination of the test, the rate Is much 

slower than seen at 60 MPa, with an Interpreted final rate (P ) of approximately 2 x 

10® s" (Fig. 7.5(b)).

Two samples have been deformed at 7 MPa constant axial effective stress. Of 

these, sample S-H07-C was deformed for 14 days whereas, sample S-H07-CT was 

deformed for 28 days. Both samples behave similarly, accumulating approximately 

only 0.1% volumetric creep strain and show little change in strain magnitude after 

only a few hours (Fig. 7.5(a)). Figure 7.5(b) shows that the trends in volumetric 

creep strain rate with increasing creep strain are very similar for the two samples, 

with both curves following similar gradients. However, S-H07-CT strains initially 

faster at 4 x 10^ s  ̂ compared with 10'  ̂ s  ̂ for S-H07-C. However, at the same 

volumetric creep strain rate, sample S-H07-CT has accumulated approximately three 

times more strain than S-H07-C (Fig. 7.5(b)). This variation in strain magnitude could 

be a consequence of variation in sample size, with S-H07-C and S-H07-CT having 

height to diameter ratios of 2.05:1 and 2.65:1 respectively (Table 7.1(a)). However, 

despite these sample discrepancies, the data show that both the volumetric creep 

strain rates and the volumetric creep strains are consistently lower with smaller 

applied effective stresses.

Figure 7.6 shows the experimental results of the constant stress creep tests 

performed on samples of Sadiyat Delta ooids saturated in rain water. Similar effects 

of stress magnitude are found to those with the hydrocarbon saturated samples, 

with increased creep strain and creep strain rate magnitudes seen with increasing 

stress. At 60 MPa, and after 14 days, sample S-R60-C has a resultant strain of
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behaviour of the sediment. The axial effective stress is held constant at either 7, 32 or 60 MPa for a 
duration of at least 14 days. Plot (a) shows the volumetric creep strain Sy data against cumulative time; 
Plot (b) shows volumetric creep strain rate p against volumetric creep strain Gy. Jumps in the data are 
due either to stick-slip phenomenon or small fluctuations in the effective stress. ((1)̂  = the initial porosity 
at the start of the creep test i.e at the point when the stress has reached its maximum of 7, 32 or 60 
MPa. This point is also taken as the zero time and strain datum.)
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3.2% (Fig. 7.6(a)). At 32 MPa stress, the rain water saturated sample (S-R32-C) 

accumulates 1.4% and is still straining when the test is terminated at 14 days (Fig. 

7.6(a)). As with the hydrocarbon saturated samples very little change in strain is 

seen after just a few hours in samples deformed at 7 MPa (Fig. 7.5(a)). Volumetric 

creep strain rates appear similar, for all samples, to those seen with hydrocarbon 

saturated samples (Fig. 7.5(b)).

Figure 7.7 shows the results of the constant stress creep tests for samples of 

Sadiyat Delta ooids saturated In sea water. Again, the deformation trends resulting 

from Increasing applied effective stress are as seen with samples saturated with 

pore fluids of hydrocarbon and rain water (Figs. 7.5 and 7.6). At 60 MPa, 

approximately 3.0% volumetric creep strain is accumulated after 14 days of creep 

deformation. Two samples were deformed at 60 MPa (S-S60-C2 and S-S60-C) with 

both showing very similar styles of deformation (Figs. 7.7(a) and (b)). This indicates 

a high degree of experiment repeatability and consistency. For the tests performed 

at 32 MPa and 7 MPa, volumetric creep strains of 1.3% and 0.15% were measured, 

respectively (Fig. 7.7(a)). After 14 days, the volumetric creep strain rates for sea 

water saturated samples are similar to those of samples saturated in rain water or 

hydrocarbon (Figs. 7.5(b), 7.6(b) and 7.7(b)).

7 .5 .1 .2  Sadiyat Island ooids (300 \im)

Figure 7.8 presents the results of constant stress creep tests performed on sample 

of Sadiyat Island ooids A, of grain diameter 300 pm, saturated in hydrocarbon. From 

a constant stress of 60 MPa axial effective stress, sample A-H60-CT is still straining 

after 14 days with approximately 0.95% volumetric creep strain accumulated at this 

stage (Fig. 7.8(a)). For the sample deformed at 32 MPa constant stress, the 

volumetric creep strain is 0.45% over the same period (Fig. 7.8(a)). At 7 MPa, 

considerable stick-slip has affected the results with a Jump in strain of 0.12% at 7 

days leading to a total volumetric creep strain of 0.3% at 14 days. However, despite 

the noise in the data for sample A-H07-CT, Figure 7.8(a) clearly shows that 

volumetric creep strains are increased with larger applied stresses.

Similarly, volumetric creep strain rates are higher per increment of strain with larger 

applied stresses. For samples deformed at 32 and 60 MPa constant axial effective
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Fig. 7.7: Constant stress creep data for Sadiyat Delta ooids S, of grain size (d) 425 pm, saturated in a 
pore fluid (pf) of sea water (S). The graphs show the effect of effective stress magnitude on the creep 
behaviour of the sediment. The axial effective stress is held constant at either 7, 32 or 60 MPa for a 
duration of at least 14 days. Plot (a) shows the volumetric creep strain Cy data against cumulative time; 
Plot (b) shows volumetric creep strain rate p against volumetric creep strain Gy. Jumps in the data are 
due either to stick-slip phenomenon or small fluctuations in the effective stress, ((j)̂  = the initial porosity 
at the start of the creep test i.e at the point when the stress has reached its maximum of 7, 32 or 60 
MPa. This point is also taken as the zero time and strain datum.)
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are due either to stick-slip phenomenon or small fluctuations in the effective stress, ((j),. = the initial 
porosity at the start of the creep test i.e at the point when the stress has reached its maximum of 7, 32 
or 60 MPa. This point is also taken as the zero time and strain datum.)

328



stresses, the volumetric creep strain rates at the termination of the tests are 

interpreted as approximately 10® s'̂  (Fig. 7.8(b)). However, it should be noted that 

due to poor pressure control during both of these tests, constant stress conditions 

were not fully maintained to the desired level throughout the duration of the tests. 

This has resulted in a high degree of noise for these datasets. Similarly, sample A- 

H07-CT, deformed at 7 MPa, shows a high degree of noise, attributed to stick-slip 

events, which also makes interpretation of the data difficult.

Rain water saturated samples of Sadiyat Island ooids also show increased creep 

strain magnitudes with increased applied stress magnitudes effects of stress 

magnitude (Fig. 7.9(a)). However, these samples exhibit higher volumetric creep 

strain rates with resulting larger volumetric creep strains (Fig. 7.9) than seen in the 

presence of hydrocarbon (Fig. 7.8). At a constant stress of 60 MPa axial effective 

stress, sample A-R60-CT strains 4.0% after a period of 14 days with volumetric 

creep strain rates slowing to approximately 3 xlO ® s ̂  after 14 days.

The sample saturated in rain water, deformed at a constant stress of 32 MPa axial 

effective stress, also shows higher creep strain rates and more creep strain at 14 

days than seen with the hydrocarbon saturated samples (Figs. 7.8 and 7.9). After 

14 days the total volumetric creep strain accumulated is 1.75% with the rate 

slowing to an interpreted value of 3 x 10® s ,̂ as for the sample at 60 MPa. 

Pressure control was good for experiments A-R32-CT and A-R60-CT with the resulting 

strain paths being considerably smoother than seen for samples saturated in 

hydrocarbon.

At 7 MPa, most creep strain is accumulated after only a few hours. At the end of a 

14 day period, a total of 0.4% volumetric creep strain has been accumulated (Fig. 

7.9(a)). The creep strain rate P slows to approximately 2 x 10^° s*̂  (Rg. 7.8(b)).

Creep experiments of Sadiyat Island ooids saturated in sea water at 32 and 60 MPa 

also show pore pressure control with small jumps affecting the resulting strain 

magnitudes (Rg. 7.10). However, trends in behaviour are still clearly visible. At 60 

MPa, sample A-S60-CT continues to strain at 14 days and accumulates 2.8% 

volumetric creep strain (Rg. 7.10(a)). At 32 MPa, sample A-S32-CT accumulates 

2.0% creep strain but the creep strain rate appears to have slowed considerably
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(Rg. 7.10(a)). Rgure 7.10(b) shows that the initial volumetric creep strain rates P 

for A-S32-CT and A-S60-CT are very similar and of the order of 6 x 10"® s ̂ . However, 

as volumetric creep strains increase to magnitudes greater than 0.1% the creep 

strain rate of the lower stress sample (A-S32-CT) drops off much more rapidly than 

seen in the sample tested at 60 MPa (A-S60-CT). After 14 days of creep 

deformation, sample A-S32-CT Is deforming at an interpreted voiumetric creep strain 

rate P of 5 xlO'^° s ,̂ whereas, sample A-S60-CT slows to a value of 8 x 10“  

(Rg. 7.10(b)).

As with samples of Sadiyat Island ooids saturated in hydrocarbon or rainwater, 

sample A-S07-CT, saturated in sea water, strains very little after only a few hours. 

The total creep strain at the end of a 14 day period is approximately 0.45% at a 

volumetric creep strain rate of 3 x 10^  ̂s ,̂ as seen at 32 MPa (Rg. 7.10(b)).

7 .5 .1 .3  AI Bah rani Delta ooids (212 p, m)

Rgure 7.11 shows the creep data for samples of AI Bahrani Delta ooids saturated in 

hydrocarbon. The same general trends with increasing stress magnitude are seen 

as with ail other samples. At a constant stress of 60 MPa, sample B-H60-C is 

continuing to strain after a period of 14 days. At this point, the total creep strain 

accumulated is 2.7% (Rg. 7.11(a)) and the sampie is deforming at a volumetric 

creep strain rate of approximately 3 x 10® s  ̂ (Rg. 7.11(b)). Sample B-H32-CT, 

deformed at 32 MPa, also continues to strain after 14 days but at the slower creep 

rate of 4 x 10“  s  ̂ (Rg. 7.11(a)). Two samples have been deformed at the same 

conditions at 32 MPa axial effective stress, B-H32-CT and B-H32-C. However, B-H32- 

C was only deformed for a period of 12 days due to difficulties in maintaining pore 

fluid pressure. As can be seen from Rgure 7.11(a), samples B-H32-C and B-H32-CT 

do not follow similar compaction curves even though both are deformed under the 

same conditions. B-H32-C strains much more quickly and at the end of 12 days has 

accumulated 1.9% creep strain at a volumetric creep strain rate of 10® s .̂ Both 

samples have similar height to diameter ratios (see Table 7.1(b)), so this factor 

cannot account for these differences. However, it should be noted that sample B- 

H32-CT was left set-up for 3 days prior to testing (Table 7.1(b)). Thus, the 

decreased strain seen in this sample could be explained by settlement of the 

sample prior to testing. Simiiar effects have been noted by Kageson-Loe (1993) in
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Fig. 7.11: Constant stress creep data for AI Bahrani Delta ooids B, of grain size (d) 212 pm, saturated 
in a pore fluid (pf) of inert hydrocarbon (H). The graphs show the effect of effective stress magnitude on 
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remoulded chalk samples. It is, therefore, more likely that sample B-H32-CT offers 

the most consistent data, as this sample was tested Immediately following the 

Initial sample set-up, as Is the general case.

Sample B-H07-CT, deformed at 7 MPa, accumulates very little strain after 

approximately 4 days of constant stress creep deformation. There Is a small jump In 

the data, as a result of load Instability, which causes a small Jump In strain at 

approximately 3.5 days Into the test (Fig. 7.11(a)). At 14 days, the total creep strain 

Is 0.73% and the volumetric creep strain rate Is 7 x 10^° s ̂ .

Figure 7.12(a) shows the creep strain/time data for AI Bahrani Delta ooids 

saturated In rain water. The same pattern of deformation with constant stress 

magnitude Is again evident, as with all other samples. At 14 days, B-R60-C Is still 

straining at volumetric creep strain rates of 5 x 10® s  ̂(Fig. 7.12(b)), accumulating a 

total volumetric creep strain of 4.1% (Fig. 7.12(a)). At a constant stress of 32 MPa, 

sample B-R32-C also continues to strain at 14 days but at a slower rate than the 

sample at 60 MPa (Fig. 7.12(a)). For B-R32-C, the volumetric creep strain rate at 14 

days approximates to 2 x 10® s .̂ The creep data at 7 MPa, Is particularly noise 

free. As a result. It can be seen that very little creep strain Is accumulated In the 

sample (B-S07-C) after only a few hours (Fig. 7.12(a)). The creep strain magnitude 

at 14 days Is 0.46% and the volumetric creep strain rate P Is 1.5 x 10' °̂ s ̂ .

As with all other oolitic sand samples, regardless of the pore fluid type present, the 

same general trends are seen with Increasing stress magnitude for samples of AI 

Bahrani Delta ooids saturated In sea water. At 7 MPa, negligible strain Is 

accumulated after a few hours (Fig. 7.13(a)), and at the end of 14 days, the 

volumetric creep strain rate has slowed to approximately 4 xlO^° s  ̂ (Fig. 7.13(b)). 

At 32 MPa, sample B-S32-C continues to strain at 14 days and has accumulated a 

total creep strain of 2.27%, and Is still straining at a volumetric strain rate of 1.5 x 

10® s .̂ A second experiment (B-S32-CT) also performed at a constant stress of 32 

MPa exhibits more strain than sample B-S32-C. However, this sample was left for 3 

days prior to testing (as was sample B-H32-CT) and was therefore, not deformed at 

the same conditions as the others. Hence, It Is uncertain If the behaviour exhibited 

by sample B-S32-CT Is representative of the general creep behaviour of AI Bahrani 

Delta ooids. Finally, sample B-S60-CT, deformed at 60 MPa, continues to strain at
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Fig. 7.12: Constant stress creep data for Al Bahrani Delta ooids B, of grain size (d) 212 pm, saturated 
in a pore fluid (pf) of rain water (R). The graphs show the effect of effective stress magnitude on the 
creep behaviour of the sediment. The axial effective stress is held constant at either 7, 32 or 60 MPa 
for a duration of at least 14 days. Plot (a) shows the volumetric creep strain data against cumulative 
time; Plot (b) shows volumetric creep strain rate p against volumetric creep strain Sy. Jumps in the data 
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14 days. Total strain accumulated is 3.78% at a volumetric creep strain rate of 2 x 

10® s \

7.5 .2  Effect of pore fluid type

Figures 7.14*7.19 show the effect of pore fluid type on the creep behaviour for each 

of the three grain size oolitic sand samples. To avoid confusion, the creep data 

relating to tests performed at different stress magnitudes have been plotted 

separately. However, in order to compare the effect of the pore fluid type on 

samples tested at different effective stress magnitudes, all data have been plotted 

to the same scale.

Each of the three different grain size samples show that creep deformation 

characteristics are effected by the presence of different pore fluid types. However, 

this effect is only seen when samples are deformed at the higher applied axial 

effective stresses of 32 and 60 MPa (Figs. 7.14-7.19). At these stresses, aqueous 

fluid saturated samples consistently attain higher creep strains and deform at 

higher volumetric creep strain rates than do hydrocarbon saturated samples (Figs. 

7.14(a)-7.19(a) and 7.14(b)-7.19(b)). Conversely, samples deformed at the lower 

effective stress of 7 MPa do not show these characteristics and any variations in 

behaviour can be attributed to sample variability (Figs. 7.14(c)-7.19(c)).

Samples saturated in aqueous fluids and deformed at 32 and 60 MPa strain up to 

four times as much as when saturated with an inert hydrocarbon, with most of this 

additional creep strain accumulating in the first day of creep deformation (e.g. Figs. 

7.16(a) and (b)). However, although these pore fluid type effects are present, they 

are not as evident for samples of AI Bahrani Delta ooids deformed at 32 MPa axial 

effective stress or Sadiyat Delta ooids deformed at 60 MPa. Table 7.1 shows that 

samples S-H60-C, B-H32-CT and B-S32-CT were not tested immediately following 

sample preparation, thus, allowing pre-test settling of the sample to occur (Section

7.5.1.3). Hence, these results should be treated with caution when used in 

comparison with other data. If these results are ignored, then the remaining data 

adhere to the general pore fluid type trend seen in all other samples (Figs. 7.14(a) 

and 7.18(b)).

337



3.0

2.5c
'2
0) 2.0
CL(U<1) 1.5
Ü
Ü 1 0

E n 5

0.0

c

1
Q.
(D
20 
Ü
1 
E

S-S60-C2-

S-H60-C S-S60-C

S-R60-C

pf = hydrocarbon ((j>̂  = 36,2%) 

pf = rain water (t))̂  = 35.5%) 

pf = sea water (<t>̂ = 35.6%) 

pf = sea water («j) = 35.0%)

Sadiyat Delta ooids S 
d = 425 pm 
a ' = 60 MPa

A

3.0 Sadiyat Delta ooids S 
d = 425 pm 
a ’ = 32 MPa

pf = hydrocarbon ((|)̂  = 39.2%) 

pf = rain water ((j)̂  = 39.7%)

- pf = sea water ((j) =3 8 .1 % )

>
2.5

2.0
CL

S-S32-C S-R32-C

tmrtatsancamtaat, S-H32-C0.5

0.0

3.0

2.5

2.0

1.5 

1.0 

0.5 

0.0

(C)
-A—  pf = hydrocarbon (cj)̂  = 41.1% ) 

-V— pf = hydrocarbon ((|)̂  = 40.5% ) 

pf = rain water (<t>̂ = 38 7%)

- pf = sea water ((() = 4 0 .5 % )

Sadiyat Delta ooids S 
d = 425 pm 
o ' = 7 MPa

A

S-S07-C
S-R07-C

S-H07-CT

S-H07-C 
J I L

6 8 10 
T im e (days)

12 14 16

Figure 7.14: Volumetric creep strain/time plots showing the effect of pore fluid type on the creep 
deformation of Sadiyat Delta oolitic sand S, of grain size 425 {.im. Samples have been saturated in 
either an inert hydrocarbon (H), sea water (S) or rain water (R). Plots (a), (b) and (c) show the results of 
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Figure 7.17; Volumetric creep strain rate p/volumetric creep strain e„ plots showing the effect of pore 
fluid type on the creep deformation of Sadiyat Island oolitic sand A, of grain size 300 pm. Samples are 
saturated in a pore fluid of either inert hydrocarbon (H), rain water (R) or sea water (S). Plots (a), (b) and 
(c) show the results of the creep tests performed at 60 MPa, 32 MPa and 7 MPa constant axial 
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Figure 7.18: Volumetric strain/time plots showing the effect of pore fluid type on the creep deformation 
of AI Bahrani Delta oolitic sand B, of grain size 212 p,m. Samples have t>een saturated in either an inert 
hydrocarbon (H), sea water (8) or rain water (R). Plots (a), (b) and (c) show the results of the creep tests 
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Figure 7.19: Volumetric creep strain rate p/volumetric creep strain plots showing the effect of pore 
fluid type on the creep deformation of AI Bahrani Delta oolitic sand, of grain size 212 pm. Samples are 
saturated in a pore fluid of either inert hydrocarbon (H), rain water (R) or sea water (S). Plots (a), (b) and 
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There are no distinct general trends in creep behaviour which result from the 

difference in chemistry between the aqueous fluids. However, certain observations 

can be made, most obviously in the smallest grain size samples at 60 MPa. Up to a 

period of 4 days creep deformation, the sea water (B-S60-C) and rain water (B-R60- 

C) saturated samples follow very similar strain/time curves (Fig. 7.18(a)). However, 

beyond this point, the rain water saturated sample (B-R60-C) strains at a faster rate 

than the sea water saturated sample (B-S60-C) and the volumetric strain/time 

curves diverge (Figs. 7.18(a)). This phenomenon is also clearly seen in the 

volumetric creep strain rate/volumetric creep strain data (Fig. 7.19(a)). This plot 

shows that although the sea water saturated sample strains initially more quickly 

than the rain water saturated sample, with increasing strain, it slows down more 

rapidly. At the end of the test the rain water saturated sample has a higher strain 

rate per increment of strain (Fig. 7.19(a)). Although less evident, these pore fluid 

type creep characteristics are also apparent in the larger grain size Sadiyat Delta 

samples (e.g. Figs. 7.15(b).

7.5 .3  Effect of initial grain size

Figures 7.20 to 7.25 show how creep deformation varies with the initial grain size. 

Again, to avoid confusion, data has been plotted separately for samples deformed 

at different axial effective stresses. However, all data is plotted to the same scale 

in order that direct comparisons can be made of the creep behaviour of all samples.

The data show that, if the intermediate grain size samples are ignored, then, in 

general, the smallest grain size samples strain more and have higher volumetric 

creep strain rates per increment of strain than do the largest grain size samples 

(Figs. 7.20-7.25). Exceptionally, Figure 7.20(a) shows that the smallest (B-H60-C) 

and largest (S-H60-C) grain size samples behave similarly, when deformed at 60 

MPa in the presence of hydrocarbon. However, it should be noted that sample B- 

H60-C was left overnight prior to testing. These conditions allow the sample to 

settle, possibly resulting in less observed creep strain during testing (Section

7.5.1.3).

The influence of grain size on creep deformation appears to be more important at 

lower applied stresses, with increases in creep strain of up to four times being seen
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Figure 7.20: Volumetric creep strain/time plots showing the effect of grain size on the creep 
deformation of oolitic sand, for grain sizes 425 pm (Sadiyat Delta ooids 8), 300 pm (Sadiyat Island 
ooids A), and 212 pm (AI Bahrani ooids B), saturated in a pore fluid of inert hydrocarbon (H), Exxsol- 
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Figure 7.21: Volumetric creep strain rate p/volumetric creep strain e„ plots showing the effect of grain 
size on the creep deformation of oolitic sand, for grain sizes 425 pm (Sadiyat Delta ooids 8), 300 pm 
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Figure 7.22: Volumetric strain/time plots showing the effect of grain size on the creep deformation of 
oolitic sand, for grain sizes 425 pm (Sadiyat Delta ooids S), 300 pm (Sadiyat Island ooids A), and 212 
pm (AI Bahrani ooids B), saturated in a pore fluid of rain water (R). Plots (a), (b) and (c) show the results 
of the creep tests performed at 60 MPa, 32 MPa and 7 MPa constant axial effective stress, 
respectively. To avoid confusion, the data are not all plotted together. However, the same axes scales 
have been used in order to make a direct comparison of all data ((j)g= initial porosity at the start of creep 
deformation; pf = pore fluid type)
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Figure 7.23: Volumetric creep strain rate p/volumetric creep strain e, plots showing the effect of grain 
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Figure 7.24: Volumetric strain/time plots showing the effect of grain size on the creep deformation of 
oolitic sand, for grain sizes 425 pm (Sadiyat Delta ooids 8), 300 pm (Sadiyat Island ooids A), and 212 
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results of the creep tests performed at 60 MPa, 32 MPa and 7 MPa constant axial effective stress, 
respectively. To avoid confusion, the data are not all plotted together. However, the same axes scales 
have been used in order to make a direct comparison of all data (({)<,= initial porosity at the start of creep 
deformation; pf = pore fluid type)
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in the smallest grain size samples (e.g. Fig. 7.20(c)). Conversely, at the highest 

stress magnitude of 60 MPa, a maximum Increase In creep strain of only 25% Is 

seen (Fig. 7.22(a)). Hence, the effect of grain size on creep deformation, observed 

In the smallest and largest grain size samples. Is more dominant at lower stresses.

Although a distinct grain size effect on creep deformation has been noted when 

creep data from the smallest (AI Bahrani Delta/212 pm) and largest (Sadiyat 

Delta/425 pm) samples are compared, this Is not seen In the Intermediate grain 

size Sadiyat Island ooids (300 pm). Figures 7.20-7.25 show that there are no 

consistent creep characteristics which can be attributed to the grain size of the 

Intermediate grain size samples. Sometimes the Sadiyat Island ooids behave 

similarly to the smallest grain size samples (e.g. Figs. 7.22(a) and 7.23(a)) and at 

other times like the largest grain size samples (e.g. Figs. 7.22(b) and 7.23(b)).

7.5.4 Summary

All data show that, regardless of the sample grain size or the pore fluid type 

present, creep deformation at constant stress conditions Is enhanced by Increasing 

stress magnitude (Figs. 7.5 to 7.13). In general, findings Indicate that, at 7 MPa, 

very little further volumetric creep strain Is accumulated after that accumulated 

during the first few hours. At 32 MPa, approximately 75% of all creep strain Is 

accumulated at the end of the first day of creep deformation, whilst for samples 

compressed at 60 MPa, approximately half of the total strain Is accumulated after 

this time.

The creep data also show that, the volumetric creep strain rates continually 

decrease with Increasing creep strain for all samples (Figs. 7.5(b) to 7.13(b)). 

However, within a few hours of the onset of creep deformation, the volumetric creep 

strain rates tend to an approximate linear relationship with the volumetric creep 

strains In log-log space (e.g. Fig. 7.5(b)). Hence, the volumetric creep strain rate 

exhibits a power-law dependence on volumetric creep strain towards the termination 

of the test. Again, these observations are consistent for all grain size samples, 

regardless of the pore fluid type present. However, when comparisons are made of 

samples saturated In different pore fluids, trends In creep behaviour can be seen 

which appear to be a direct result of the pore fluid type present.
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At constant stresses of 32 and 60 MPa, aqueous fluid saturated samples, 

gtnaraMy accumulate more volumetric creep strain than the hydrocarbon 

saturated samples, over the test duration. This trend is . . all grain size

samples (Figs. 7.14, 7.16 and 7.18). In addition, the volumetric creep strain rates 

per increment of strain are consistently lower for hydrocarbon saturated samples 

than for aqueous fluid saturated samples (Figs. 7.15, 7.17 and 7.19). However, at 

constant stresses of 7 MPa, there are no obvious trends in creep deformation 

resulting from the presence of different pore fluid types (Figs. 7.14(c)-7.19(c)).

Small differences in creep behaviour also occur between samples saturated in 

different aqueous fluids of sea water and rain water. However, the presence of 

these pore fluids results in relatively insignificant variations in creep strain or creep 

strain rate when compared with the change in behaviour seen between samples 

saturated with hydrocarbon and an aqueous fluid. In addition, this pore fluid type 

effect is only observed in certain samples, thus, further reducing its significance. 

The effect is seen most clearly in the smallest grain size samples (AI Bahrani Delta), 

at a constant stress of 60 MPa (Figs. 7.18(a) and 7.19(a)). The rain water and sea 

water saturated AI Bahrani Delta samples follow initially similar creep strain/time 

curves. However, after approximately 4 days of creep deformation, the accumulation 

of creep strain in the sea water saturated sample slows down (Fig. 7.18(a)). Hence, 

the volumetric creep strain rates of the sea water saturated samples reduce more 

quickly than the rain water saturated samples (Fig. 7.19(a)).

There is also a general grain size effect seen in the creep behaviour of oolitic sand: 

Decreasing grain size appears to be associated with greater volumetric creep 

strains and greater volumetric creep strain per increment of accumulated creep 

strain (Figs. 7.20-7.25). This trend is consistent regardless of the pore fluid type 

present or effective stress magnitude. However, the effect is more significant at 

lower stresses. Importantly, this grain size effect on creep deformation only holds 

for the smallest (212 pm) and largest (425 pm) grain size samples, with the 

intermediate (300 pm) grain size Sadiyat Island ooids showing no consistent grain 

size creep characteristics.
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7.6 Microstructural analysis results

This section presents the results of x-ray diffraction (XRD) studies and point counts 

of different deformation textures found In samples post-deformatlon. The point- 

counting techniques are fully described In Section 4.6.2 and descriptions of the 

deformation textures are given In Figure 1.2 and Section 5.6. The XRD method Is 

described In Section 4.6.3.

Importantly, the point counts of grain breakage types and grain contact types, 

represent deformation which has occurred during both uniaxial Kq compression, as 

the desired stress magnitude Is reached, and constant stress creep. In order to 

understand more fully the deformation that occurs due solely to time-dependent 

mechanisms. It Is necessary to determine the proportions of fractured grains and 

grains with deformed contacts which occur during the constant stress regime of 

testing. To a first approximation, this can be achieved by taking the point count 

results of the earlier Kq compression tests, presented In Chapter 5 (Section 5.6) 

and subtracting them from point count results from the creep tests.

Section 7.6.1 summarises the microstructural data pertaining to both Kq 

compression and creep deformation. It Is composed of XRD results and a summary 

of deformation textures, with the complete point count data given In Appendix 3. 

Section 7.6.2 presents a summary of microstructural point count data pertaining 

only to creep deformation.

7.6.1 Microstructural analysis results for samples deformed by Kq 
compression and constant stress creep

7.6.1.1 X-ray diffraction results

X-ray diffraction (XRD) of samples was used to determine If there were any changes 

In mineralogy from aragonite to calclte, as a result of deformation. Aragonite Is 

known to be meta-stable and transforms to calclte under certain environmental 

conditions (e.g. Fyfe and BIschoff 1965, Taft 1967). In addition any dissolved 

aragonite, resulting from mechanisms such as pressure solution. Is likely to be 

repreclpltated as the more stable calclte polymorph. Hence, If there are Increases In
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calcite content and associated decreases In aragonite content, it would suggest 

that dissolution/reprecipitation processes have occurred during creep deformation. 

The method used for XRD analysis and the results of control experiments are 

presented in Section 4.6.3.

Figure 7.26 shows the XRD data for all samples of AI Bahrani ooids (212 pm), 

Sadiyat Island ooids (300 pm) and Sadiyat Delta ooids (425 pm), which have 

undergone Kq compression followed by constant stress creep deformation. The data 

are plotted to show the percentages present of calcite and aragonite. For each grain 

size sample, saturated in each pore fluid of hydrocarbon, rain water and sea water, 

the XRD results of a control sample are given. These control samples were not 

subject to any applied stress, but were left saturated in the pore fluid for a period of 

400 days. In each case, it was found that these conditions did not result in any 

mineralogical changes (see Section 4.6.3).

When compared with the control samples, each sample of oolitic sand shows that 

there is no discernible change in mineralogy with increasing applied stress, 

regardless of the pore fluid type present or the grain size of the sample (Fig. 7.26). 

A straight line can be drawn which passes through the measured error margin for 

each sample. However, it should be noted that the errors generated by the X-ray 

diffractometer are quite large, resulting in a total error margin of 5-10%. As a 

consequence, the sensitivity of this method to changes in mineralogy is quite low 

and the small changes in mineralogy, which may result from processes such as 

pressure solution, may not be observed. However, SEM studies of samples post

creep deformation have also revealed no evidence of pressure solution. When 

viewed at high magnification in the SEM, indented and crushed grain-to-grain 

contacts proved to be caused by the reduction of micro-porosity by fracturing of the 

aragonite laths composing the ooid cortices (see Fig. 5.7.3). In view of the above 

findings, it is suggested that no significant pressure solution occurs during room 

temperature creep of oolitic sands at applied effective stresses of up to 60 MPa.

7.6.1.2 Deformation textures resulting from Kq compression and creep

Figures 7.27 to 7.29 summarise the trends in the point count data, presented in 

Appendix 3, for samples of Sadiyat Delta, Sadiyat Island and AI Bahrani Delta oolitic
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Fig. 7.26: Results of x-ray diffraction analysis (XRD) for all ooid samples post-creep deformation. Plots 
(a), (b) and (c) show the results for Sadiyat Delta ooids, Sadiyat Island ooids and AI Bahrani Delta ooids 
respectively. The XRD analysis gives the percent composition of calcite and aragonite. The sum of the 
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sand which have undergone Kq compression followed by constant stress creep. 

Figures 7.27 to 7.29 also show that is a high degree of missing data. This is 

because many samples collapsed on removal from the compaction apparatus 

following deformation, particularly samples deformed at 7 MPa. Consequently, these 

samples were not prepared for microstructural analysis.

However, in general terms, the plots show that, regardless of the grain size or the 

pore fluid type present, the effect of increasing stress magnitude for oolitic sand 

samples results in increasing proportions of broken grains and deformed grain-to- 

grain contacts (Figs. 7.27-7.29). With increasing stress, there does not appear to 

be a significant increase in any particular type of grain breakage or grain-to-grain 

contact deformation. There are just relatively small increases in all types of 

deformation texture.

With regard to the effect of pore fluid type on the resultant creep deformation 

textures, no significant trends were noted. However, there were small trends 

present within certain datasets. For example, Sadiyat Delta ooids saturated in rain 

water and deformed at 60 MPa axial effective stress, contained 10% of grains with 

undeformed contacts (Fig. 7.28), sea water saturated samples have 15% (Fig. 7.29) 

and hydrocarbon saturated samples have 21% (Fig. A3.1(b)). Hence, deformation at 

grain contacts for Sadiyat Delta ooids increases in the presence of aqueous pore 

fluids and increases again if the fluid is rain water. This trend is not apparent in the 

two smaller grain size samples.

However, there are trends seen in the creep deformation textures of oolitic sands 

with regard to the effect of grain size, regardless of the pore fluid type present. The 

smallest grain size (AI Bahrani Delta ooids) samples consistently contain less 

broken grains and less deformed grain-to-grain contacts than the largest grain size 

(Sadiyat Delta ooids) samples (e.g. Fig. 7.28). This behaviour suggests that 

increasing grain size promotes a higher degree of grain scale deformation. However, 

the intermediate grain size Sadiyat Island ooids do not always adhere to this trend 

and sometimes show the highest increased grain scale deformation (Figs. A3.4, 

A3.5 and A3.6). Hence, it is not possible to define a general trend in deformation 

texture characteristics as a direct result of grain size.
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compression followed by constant stress creep deformation. The data shown is for samples of Sadiyat 
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7.6.2 Microstructural analysis results for constant stress creep

This section summarises the trends in different deformation textures (point count 

data), interpreted as resulting solely from the creep regime of each experiment. This 

data is calculated by subtracting observed numbers of different deformation 

textures for samples which have undergone uniaxial Kq compression, from those for 

samples which have undergone Kq compression followed by constant stress creep 

deformation under identical conditions. These two datasets are presented in 

Section 5.6 and Appendix 3, respectively. It should be noted however, that results 

presented in this section are necessarily generated from data from two different 

sets of samples. This inevitably leads to the possibility of increased variability, and 

great caution therefore needs to be exercised in interpreting the results. For 

example, for data presented in this Section, if there are positive increases in the 

number of undeformed grains then that increase is an error, resulting from sample 

variability. By definition, there cannot be fewer deformed grains in a sample which 

has undergone Kq compression followed by creep, than found in a sample which has 

undergone only Kq compression. As an example. Figure 7.31(a) shows that for 

samples deformed at 60 MPa, there is a positive increase of 14% in undeformed 

grains when saturated with sea water (A-S60-CT). Hence, this data is known to have 

an error of at least 14%. In addition, as explained in Section 7.6.1.2, it was not 

possible to prepare all the samples for micro-structural analysis, resulting in absent 

point count data. Hence, there is only limited data for analysis, especially with 

regard to samples deformed at 7 MPa.

Insufficient data is available to determine the effect of stress magnitude on the 

numbers of newly broken grains resulting from creep for the two larger grain size 

samples. However, data for AI Bahrani Delta ooids shows that, if samples which 

have been run for extended periods of time are ignored (B-H32-CT and B-S32-CT), 

then there is no observed effect of increasing stress magnitude on the numbers of 

newly fractured grains (Fig. 7.32(a)).

From the point count data that is available, it can be said that no significant 

increases in the numbers of broken grains are seen as a direct result of creep 

deformation at 60 MPa axial effective stress, and hence there are no trends seen 

as a direct result of the saturating pore fluid type (Figs. 7.30(a)-7.32(a)) or grain
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size (Figs 7.33(a)-7.35(a)). At 32 MPa, Sadiyat Delta ooids saturated in sea water 

(S-S32-C) do show an increase in broken grains of approximately 27%, mostly by 

spelling (Fig. 7.30(a)). In addition, there are also increased numbers of newly 

fractured AI Bahrani Delta ooids at 32 MPa (Fig. 7.32(a)). However, in general, there 

is insufficient data to determine any trends relating to the effects of grain size or 

pore fluid type. A similar observation can be made for samples deformed at 7 MPa 

(Figs. 7.30(a)-7.35(a)). In contrast, at stresses of 32 and 60 MPa, all samples 

show increased numbers of newly deformed grain contacts as a result of creep 

(Figs. 7.30(b)-7.32(b)). Again, there is insufficient data available for samples 

deformed at 7 MPa, to make any general observations. However, where the two 

larger grain size samples (Sadiyat Delta and Sadiyat Island ooids) show decreasing 

numbers of newly deformed contacts (approximately 40% to 20%) with increasing 

stress from 32 to 60 MPa, the smallest grain size samples (AI Bahrani Delta) ooids 

show either no change, or an increasing number (B-S32-CT-20% to B-S60-C-35%) of 

newly deformed contacts with increasing stress (Figs. 7.30(b)-7.32(b)). These 

observations are discussed in Section 7.7.1.

With regard to the effect of pore fluid type on the numbers of new grain contacts 

resuiting from creep, AI Bahrani Delta oolitic sand samples contain more deformed 

grain contacts when deformed in a fluid of sea water than either hydrocarbon or rain 

water (Fig. 7.32(b)). This is true at stresses of both 32 and 60 MPa, but is more 

pronounced at the higher stress magnitude. However, in the larger grain size 

samples, no distinct trends are seen as a result of the saturating pore fluid type 

(Figs. 7.30(b) and 7.31(b)).

Figures 7.33(b) to 7.35(b) illustrate the effect of grain size on the numbers and 

types of grain-to-grain contact deformation. The data show that there are no 

significant trends, as a result of varying grain size, which are independent of the 

pore fluid type present. However, effects are seen which appear random but may be 

significant. When saturated in rain water, the two larger grain size samples show 

increases in the number of deformed contacts, whereas, for the smallest grain size 

sample there is a negligible increase in grain contact deformation resulting from 

creep (Fig. 7.34(b)). These trends are similar at stresses of both 32 and 60 MPa. 

Again for creep deformation at 7 MPa, insufficient data is available to determine any 

trends.
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7.7 Discussion

The results presented in this chapter show that the overall room temperature creep 

behaviour of oolitic sands is enhanced by high stress magnitudes, the presence of 

aqueous fluids and a small grain size. The degree of influence of these 

environmental and lithological factors on the time-dependent behaviour of oolitic 

sands is different to that seen in time-independent deformation (Section 5.7). 

Observations show that, during both Kq compression and shear, stress was the 

greatest influence on the deformation behaviour of oolitic sands, with minor effects 

of grain size and pore fluid type (Chapters 5 and 6). However, the results presented 

in this chapter show that the pore fluid type and grain size of the material each 

appear to effect creep deformation to a greater degree than seen under uniaxial Kq 

compression. These findings are discussed in detail in the relevant sections below.

Although the initial porosity of a sediment has been shown by several workers 

(Section 3.3.3, De Souza 1958, Hite 1989) to have a considerable influence on 

deformation, this was found not to be the case in either the time-independent 

(Section 5.5.1.4) or time-dependent deformation of oolitic sands (Section 7.5). 

However, as has been explained in the discussion of Chapter 5 (Section 5.7.3), the 

bulk porosity of oolitic sand is bimodal, comprising an intragranular porosity (micro

porosity), between the aragonite laths forming the ooid cortices, and an 

intergranular porosity (macro-porosity), between the individual ooids. Hence, unless 

the average intragranular porosity of an individual ooid for each sediment type is 

known, the true relationship between porosity and strain, for oolitic sands, is 

extremely difficult to ascertain.

Creep deformation occurs in sequential primary (or transient), steady-state (or 

secondary) and tertiary periods, during which the deformation rate decreases, 

remains constant, and increases with time. However, sediments are known to 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 (Section 2.4.1.2). This former case is seen 

with oolitic sands: All data show that the volumetric creep strain rates do not reach 

a constant value, but continuously decrease with increasing strain (Figs. 7.5(b)- 

7.13(b)). As an example. Figure 7.36(a) shows the volumetric creep strain
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rate/volumetric creep strain data In log-log space for Sadiyat Delta ooids saturated 

in rain water and deformed at 60 MPa constant axial effective stress. If this same 

data is plotted with linear axes (Fig. 7.36(b)), it becomes apparent that although the 

volumetric creep strain rates continually decrease, they do tend towards a steady- 

state. Hence, towards the termination of the tests, after approximately 12 days of 

creep deformation, a quasi-steady-state creep regime can be considered (Fig. 

7.36(b)). This quasi-steady-state regime is usually treated as a steady-state regime 

and its creep rate variation with stress, grain size and temperature is often taken as 

the equation of state (Poirier 1985).

The time-dependent behaviour of oolitic sand has been shown, in this study, to be 

influenced by stress magnitude, pore fluid type and grain size. To describe 

quantitatively the creep behaviour of oolitic sands, and determine the rate 

controlling mechanism, it is necessary to determine the relationship of each of 

these variables and the volumetric strain with the volumetric creep strain rate. Thus, 

a constitutive equation can be fitted to the creep rate, of the same form as those 

determined by Spiers et al. (1990), Schutjens (1991) and Brzesowsky (1995), and 

described in Section 7.1.1.

Earlier in this chapter, the results of XRD analysis together with findings from SEM 

studies suggest that no significant pressure solution occurs during room 

temperature creep of oolitic sands, regardless of the stress magnitude, pore fluid 

type or grain size. From these results, and those of point count microstructural data 

(Section 7.6.1.2 and 7.6.2), it is postulated that creep of oolitic sands is controlled 

by a combination of frictional grain boundary sliding and time-dependent fracturing 

and micro-fracturing (crushing at grain-to-grain contacts). Spiers at a/.’s (1990) and 

Schutjens (1991) equations for creep present pressure solution as the rate 

controlling mechanism. Hence, these equations are not strictly applicable to the 

creep behaviour of oolitic sands. However, Brzesowsky’s (1995) equation describes 

the room temperature creep of quartz sands controlled by time-dependent fracturing 

(Section, 7.1.1.3, Equation 7.5). Therefore, Brzesowsky’s equation can be applied 

to the oolitic sand data presented here, and a comparison of Brzesowsky’s model 

for quartz sand with a model generated for oolitic sand, is presented in Section 

7.7.4 below.
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As the creep deformation of oolitic sand attains a quasi-steady state regime, there 

is a power-law relationship between the volumetric creep strain rate and the 

volumetric creep strain, with a negative exponent (e.g. Fig. 7.36(a)). Hence, the 

relationship of volumetric strain rate p with volumetric strain can be simply 

described as:-

pocs; (7.7)

From Figures 7.5(b) to 7.13(b), the exponent a can be seen to lie in the 

approximate range -3  to -6  for all samples deformed. These values are the 

approximate slopes of the volumetric creep strain rate/volumetric creep strain plots 

in log-log space, as creep deformation tends to a quasi-steady-state. These results 

are compared with those of other workers in Section 7.7.4 below.

How creep is affected by stress magnitude, pore fluid type and grain size is 

discussed in more detail in the following sections. In addition, an attempt is made 

to quantify the relationships between the volumetric creep strain rate and both the 

applied stress magnitude and grain size.

7.7.1 Effect of stress magnitude

All data from this study show that creep strain increases with increasing applied 

stress magnitude, regardless of the saturating pore fluid type or grain size of the 

material. However, there are distinct differences in the deformation textures found 

in samples deformed at different stresses. This indicates that the deformation 

mechanisms and rate controlling mechanisms may vary with increasing stress.

At 7 MPa, very little creep strain continues to accumulate after just a few hours of 

creep deformation. Microstructural analysis has shown that at the end of uniaxial Kq 

compression negligible fracturing of grains or deformation at grain-to-grain contacts 

has occurred (Section 5.7.1). This is to be expected as it is known that stresses of 

7 MPa are below the critical pressure for grain crushing in oolitic sand (Section 

5.7.5). Thus, resultant strains can be attributed to intergranular frictional sliding. 

Similarly, although only microstructural data is available for the smallest grain size 

sample^ analysis by point-counting of grains shows that negligible numbers of
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deformed grains are recorded. Hence, it can again be interpreted that, at conditions 

of constant stress at 7 MPa, creep occurs by time-dependent intergranular frictional 

sliding.

Samples deformed at 32 MPa, accumulate approximately 75% of the total creep 

strain after one day. The smallest grain size sample (AI Bahrani Delta/212 îm) 

shows an increase in grain contact deformation with increasing stress and negligible 

change in the numbers of broken grains. Since XRD results and SEM studies 

suggest that this deformation does not result from any significant pressure solution, 

it is inferred that any resultant fracturing and deformation at grain contacts is a 

consequence of other time-dependent processes such as stress corrosion at crack 

tips, particularly at sub-grain scale. Stress corrosion is known to be enhanced by 

high stresses, and this explains its absence at 7 MPa (Anderson and Grew 1977, 

Atkinson and Meredith 1989).

Although there is only limited microstructural data available for samples deformed 

at 32 MPa, the two largest grain size samples appear to show significantly greater 

numbers of newly deformed grain-to-grain contacts as a result of creep deformation, 

than seen in samples deformed at 60 MPa (Section 7.6.2.1): The number of newly 

deformed grain contacts resulting directly from creep deformation, is 40% at 32 

MPa, compared with approximately 20% at 60 MPa. These apparent contradictions 

in creep behaviour with increasing stress, compared with the smallest grain size 

samples, can be simply explained. In the larger samples, there are less grain-to- 

grain contacts by nature of the grain size. Hence, following Kq compression to high 

stresses of 60 MPa, high percentages (-65%) of deformed contacts are found. 

Therefore, continued deformation under constant stress results in further crushing 

at the same grain-to-grain contacts and relativeiy few newly deformed contacts. 

Conversely, in Kq compression to 32 MPa, much less grain-scale deformation occurs 

(-25%). Hence, during creep, straining continues by both further crushing of existing 

grain-to-grain contacts and by crushing initiating at point contacts.

From the above discussion, it is conciuded that increasing applied stress results in 

larger creep strains for all samples. At stresses of 7 MPa, creep is controlled by 

time-dependent frictional grain boundary sliding. At stresses of 32 MPa and higher, 

creep is controlled by a combination of time-dependent frictional grain boundary
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sliding and stress corrosion resulting in time-dependent fracturing at the sub-grain 

scale.

In order to determine a constitutive equation for the general creep behaviour of 

oolitic sands, it is necessary to know how the volumetric creep strain rate p 

depends on the applied stress. Figure 7.37 shows, in log-log space, how volumetric 

creep strain rate varies with the applied effective stress, for AI Bahrani Delta ooids 

saturated in hydrocarbon and for various values of volumetric creep strain. Hence, 

the graph shows how volumetric creep strain rate depends on stress, independently 

of volumetric creep strain and grain size, and in the presence of an inert fluid. A 

straight line with a slope of b, would show that p varied with the axial effective 

stress , such that:-

(7.8)

However, the data show that p does not have a power-law relationship with stress 

i.e. it does not vary linearly with stress in log-log space. At 7 MPa, it is established 

that deformation occurs solely by time-dependent intergranular frictional sliding. At 

stresses of 32 and 60 MPa, it is known that deformation occurs by combination of 

intergranular frictional sliding, fracturing of grains and crushing of grain contacts. 

Therefore, between 7 and 32 MPa, at some critical pressure, there is change in 

creep behaviour due to the nature of the rate controlling mechanism or mechanism

association. For this study it is not possible to determine a relationship of

volumetric strain rate with stress for creep controlled purely by frictional grain

boundary sliding. This is because the single data point available (at 7 MPa) is

insufficient. However, from the two data points at 32 and 60 MPa, representing 

creep by a combination of frictional grain boundary sliding and fracturing, it is 

possible to establish a very tentative relationship between stress and volumetric 

strain rate.

Figure 7.37 shows that, at creep strains ranging 0.04 to 2%, the slope b of the 

volumetric creep strain rate/applied stress plots range from approximately 1.0 to 

3.2, over the stress range 32 and 60 MPa. It is not thought that the rate controlling 

mechanisms account for this variation in the stress dependence of the volumetric 

strain rate, it is more likely that the variation in stress dependence is due to a non-
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constant grain size resulting from crushing and fracturing of grains as creep 

progresses. In addition, the creep regime changes from primary to quasi-steady- 

state with increasing strain. This is illustrated in Figure 7.38, where both the 32 and 

60 MPa tests reach a quasi-steady state at a volumetric creep strain of 

approximately 1.25%. Hence, in Figure 7.37 only the data at e^= 2%, giving an 

exponent b of 3.2, relates to quasi-steady^state creep.

Figure 7.39 shows the dependence of volumetric creep strain rate on applied axial 

effective stress for the two larger grain size samples. For samples of Sadiyat island 

ooids (300 pm) saturated in an inert fluid of hydrocarbon, the slopes b of the 

volumetric strain rate/stress plots range from approximately 1.0 to 3.6, at creep 

strains ranging 0.04 to 0.4% (Fig. 7.39(a)). Similarly, for Sadiyat Delta ooids (425 

pm), the slopes (b) of the volumetric strain rate/stress plots range from 

approximately 3.9 to 11.2, at creep strains ranging 0.04 to 0.6% (Fig. 7.39(b)). 

Hence, there appears to be a variation in the stress dependence between different 

grain size samples, with the smallest and intermediate grain size samples showing 

similar dependence which is different to the largest grain size sample. The 

significance of these variations will be discussed with regard to the effect of grain 

size (Section 7.7.3). in addition. Figure 7.40 shows that the creep strains used in 

determining the stress dependence for the larger grain size samples do not pertain 

to quasi-steady-state creep.

7.7.2 Effect of pore fluid type

In general, it can be said that at stresses of 32 and 60 MPa axial effective stress, 

the presence of an aqueous fluid in a sample of oolitic sand results in larger creep 

strains than would be sustained at the same conditions in the presence of an inert 

fluid such as hydrocarbon, with a few exceptions. This phenomenon was 

consistently true, regardless of grain size. In addition, the volumetric strain rates 

per increment of volumetric strain, for samples saturated with hydrocarbon, were 

found to be lower than for samples saturated with aqueous fluids. However, no 

consistent pore fluid effect was seen at stresses of 7 MPa.

Another observation, especially pronounced in the smallest grain size samples, is 

that the strain rate for sea water saturated samples appears to slow down more
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readily than for the rain water saturated samples (e.g. Fig. 7.18(a). This behaviour is 

shown by the sea water saturated sample, as a continuously curving line in 

volumetric strain rate/volumetric strain log-iog space. As a consequence, a power- 

law relationship can only be approximated as the sampie approaches quasi-steady- 

state creep (Fig. 7.19(a)).

Conversely, the available microstructural point count data (Section 7.G.2.2), shows 

relatively little effect of pore fluid type on the proportions of deformation textures 

resuiting from creep deformation. There are notable exceptions, but no consistent 

trend.

Although insufficient microstructurai dataoj&available to offer an explanation for the 

pore fluid effects seen graphicaily, it is well known that the presence of aqueous 

fluids can enhance stress corrosion at crack tips (Anderson and Grew 1977, 

Atkinson and Meredith 1989). Hence, the enhanced creep strains seen in sampies 

saturated with aqueous fluids are iikeiy to be a consequence of stress corrosion. In 

addition, stress corrosion is enhanced at high stress magnitudes and this expiains 

the absence of a pore fluid effect at stresses of 7 MPa. However, it is not known 

why the sea water saturated samples do not always show the linear volumetric 

strain rate/voiumetric strain relationship seen in log-iog space for all other samples.

7.7.3 Effect of initial grain size

The constant stress creep data show that the smallest grain size samples (212 pm) 

attain consistently higher creep strains than the largest grain size sampies (425 

pm), regardless of the pore fluid type present or the magnitude of the applied 

stress. Hence, there is an apparent trend of increasing strain with decreasing grain 

size for the largest and smallest grain size samples. The intermediate grain size 

samples (300 pm) do not adhere to this trend and their anomalous behaviour with 

respect to the other samples is discussed further below.

At high stresses (32 and 60 MPa) the microstructural point count data shows that 

the smaliest grain size samples consistently contain less broken grains and iess 

deformed grain-to-grain contacts than the largest grain size sampies, after Kq 

compression and creep deformation (Section 7.6.1.2) In other words, increased
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grain size appears to promote increased grain-scaie deformation. It is known from 

the XRD data that creep strains are not likely to be result of dissolution type 

processes such as pressure solution. Therefore, at stresses of 32 and 60 MPa, 

deformation for both grain size samples is likely to be achieved by intergranular 

frictional grain boundary sliding, crushing of grains at grain-to-grain contacts and 

fracturing of grains. It is already well established in the literature that an increased 

grain size promotes higher degrees of grain-scale fracturing as a result of the higher 

intergranular stresses (e.g. DeSouza 1958, Hagerty et al. 1993, Renner and 

Rummel 1996). Hence, the above microstructural findings can be attributed to 

intergranular stress magnitudes. However, the smallest grain size samples were 

shown to consistently achieve higher creep strains at all stress magnitudes (Figs. 

7.20, 7.22 and 7.24). As negligible grain-scale deformation occurs at stresses of 7 

MPa, this must indicate that frictional grain boundary sliding plays a greater role in 

the smallest grain size samples during creep than in the largest grain size samples.

With regard to deformation textures formed solely due to creep deformation, trends 

are difficult to establish, partly due to a lack of available data (Section 7.6.2). 

However, the largest grain size sample shows more grain scale deformation at 32 

MPa in the presence of aqueous fluids, than the smallest grain size sample. This is 

to be expected if creep deformation is assumed to be dominated by grain boundary 

sliding in the smallest grain size sample and grain-scale crushing in the largest 

sample.

The intermediate grain size samples do not adhere to any grain size trends and 

show variable behaviour: Sometimes the intermediate grain size sample behaves in 

a similar way to the smallest grain size sample and other times like the largest grain 

size sample. There does not appear to be a pattern in this variability which relates 

to the stress conditions or pore fluid type present. Hence, it can be said that there 

is no reliable trend in creep behaviour as a consequence of grain size for oolitic 

sands. It is known, from Section 4.2, that the outer ooid cortices in the 

intermediate (Sadiyat Island/300 îm) and largest (Sadiyat Delta ooids/425 pm) 

grain size samples are composed of sub-hedral sub-spheric grains of 100-500 nm in 

length. Conversely, the smallest grain size ooids (AI Bahrani ooids/212 pm) have 

cortices composed of tangentially arranged euhedral aragonite laths of 1-2 pm in 

length. As discussed in Section 5.7.3, the variation in the structure of these
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different oolitic sands results in different micro-porosities. Hence, it is hypothesised 

that the variation in ooid structure and micro-porosity account for the lack of any 

discernible grain size dependence during creep deformation.

In view of the above discussion, a general relationship for the grain size 

dependence of volumetric strain rate for oolitic sands cannot reasonably be 

determined^ Previous workers have found that there is also no clear dependence of 

volumetric strain rate on grain size for quartz sands (e.g. Schutjens 1991, 

Brzesowsky 1995). If an attempt is made to quantify how volumetric strain rate 

depends on grain size for oolitic sands, findings also show that there is no simple 

relationship. Figure 7.40 shows the relationship between volumetric strain rate and 

grain size, for various values of volumetric strain, at stresses of 60 MPa for 

samples saturated in an inert hydrocarbon. If all three grain size samples are 

studied, as expected, there is no linear relationship of grain size with volumetric 

strain rate in log-log space. In conclusion, it is suggested that with regard to the 

creep deformation of oolitic sands, a grain size effect cannot be determined. Each 

oolitic sand type should be considered individually due to the unique nature of the 

grains, the presence of a bimodal porosity and the well-sorted nature of the 

sediment.

7.7.4 Comparison of data with other models

XRD and SEM studies have both suggested that pressure solution does not appear 

to be significant in oolitic sands during room temperature creep deformation at 

applied effective stresses up to 60 MPa. Hence, it is not reasonable to apply the 

equations for creep, derived by Spiers et al. (1990) and Schutjens (1991), to the 

data presented here, as the creep deformation described infers pressure solution is 

the rate controlling mechanism (see Section 7.1.1). However, Brzesowsky (1995) 

has proposed a relationship for creep controlled by time-dependent cracking of 

grains, for fluid saturated quartz sands (Section 7.1.1.3); of the form:-

. 15
P  OC d X  (7.5)

In contrast to this proposed equation, Brzesowsky's results showed that there was 

no clear dependence of volumetric strain rate on grain size for fluid saturated
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samples (Section 7.1.1.3 and Fig. 7.2(f)). Therefore, the validity of the above 

reiationship (Equation 7.5) has to be treated with some caution. Nevertheiess, 

Brzesowsky (1995) did show that both chemically active pore fluids and increased 

stress did enhance creep. This was also found the case for the creep experiments 

of oolitic sands.

Brzesowsky’s equation can be modified to include the dependence of creep strain 

rate on creep strain, which is clearly shown by Brzesowsky’s (1995) data (Section 

7.1.1.1 and Figs. 7.2(b), (c) and (d)). Hence, Equation 7.5 becomes:-

P OC (7.6)

From data presented in this study, the general equation for creep in oolitic sands, 

controlled by time-dependent frictional grain boundary siiding and time-dependent 

micro-fracturing at grain contacts, can be expressed as:-

P OC (7.9)

Where, tentatively, a ~ -3 to -6; b varies for each oolitic sand type such that, for AI 

Bahrani ooids b ~ 1 to 3, for Sadiyat Island ooids b ~ 1 to 3.5 and for Sadiyat Delta 

ooids b ~ 4 to 11. No clear relationship was found between grain size d and 

volumetric strain rate, hence, the exponent x is an unknown. However, as suggested 

above, each oolitic sand type should be considered individuaily due to the unique 

nature of the grains and the presence of a bimodai porosity.

If the two equations of creep are compared (Equations 7.6 and 7.9), the 

dependence of voiumetric creep strain rate on creep strain is found to be similar for 

both Brzesowsky’s quartz sands (power law exponent a ~ -4) and oolitic sands 

(power law exponent a ~ -3 to -6). This is to be expected as creep deformation for 

both quartz and oolitic sands is thought to be controiled by time-dependent micro- 

fracturing and frictionai grain boundary sliding (Section 7.7.1, Brzesowsky 1995). 

However, the power-law dependence of creep strain rate on stress for quartz and 

oolitic sands do not agree. Brzesowsky (1995) suggests an exponent b of 15, 

whereas, for oolitic sand the exponent b is smaller, and for the various ooiitic sand 

types ranges from 1 to 11. Aithough these reiationships are very crude, they
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suggest that creep rates In quartz sands would be higher than In oolitic sands under 

the same conditions. An explanation for this phenomenon can be offered In terms of 

the nature of the two materials. Microstructural observations by Brzesowsky (1995) 

showed that grains which fall exhibit Intense grain fragmentation, radiating from 

graln-to-grain contacts. This high level of fragmentation would result In further strain 

accommodation by subsequent grain rearrangement. Conversely, although ooids 

also fracture and fragment, a large proportion of strain Is accommodated by 

crushing at graln-to-grain contacts, resulting In flattened/indented contact areas and 

a lesser degree of grain rearrangement. It is assumed that, grain rearrangement by 

frictional grain boundary sliding Is likely to result In higher strain rates than crushing 

at graln-to-grain contacts. Hence, In view of these deformation characteristics. It Is 

possible that strain rates may be higher for quartz sands than for oolitic sands.

7.8 Summary points

Creep deformation of oolitic sands Is enhanced by the application of high
perhfcvps

stresses, the presence of aqueous pore fluids and^a small grain size.

From microstructural evidence, creep strains are accommodated by time- 

dependent frictional grain boundary sliding at axial effective stresses of 7 MPa 

and by time-dependent grain fracturing, mIcro-fracturIng at graln-to-grain contacts 

and frictional grain boundary sliding at stresses of 32 and 60 MPa.

In all samples, aqueous fluids enhance creep strains at stresses of 32 and 60 

MPa, but not at 7 MPa. This pore fluid effect Is attributed to stress corrosion, 

which Is enhanced at higher stress magnitudes.

A general grain size trend Is not found In all samples. This Is attributed to the 

Individual nature and micro-porosltles of each oolitic sand type. However, the 

smallest grain size samples consistently attain higher creep strains than the 

largest grain size samples, regardless of the pore fluid type or stress 

magnitude. This phenomenon Is attributed to the dominance of grain boundary 

sliding In the smallest grain size samples, resulting In larger strains.
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No samples reach a steady-state creep regime during deformation and aii creep 

can be designated as primary creep. However, towards the termination of the 

creep tests a quasi-steady state can be described.

A crude empirical power-law equation for creep of ooiitic sands is proposed; of 

the form: p x  , where, tentatively, a -  -3 to -6; b varies for each ooiitic

sand type such that, for Ai Bahrani ooids b ~ 1 to 3, for Sadiyat island ooids b ~ 

1 to 3.5 and for Sadiyat Delta ooids b ~ 4 to 11; the exponent x for grain size d 

is an unknown.
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Chapter 8

Synthesis of the defornnation 
characteristics of ooiitic sand

8.1  Introduction

The three preceding chapters have presented findings from both time-independent 

and time-dependent deformation experiments on oolitic sands. These results have 

been discussed in some detail, but only in the context of either a time-independent 

or time-dependent deformation regime. The purpose of this final chapter is, 

therefore, to synthesise the principal conclusions resulting from these discussions 

and to put them in the context of the crustal environment. In addition, suggestions 

are made for future research in view of questions which remain unanswered.

8.2  The deformation characteristics of oolitic sand

This section summarises the main points of the discussions taken from Chapters 5 

(uniaxial Kq compression) and 6 (undrained shear), representing time-independent 

deformation behaviour, and Chapter 7 (constant stress creep), representing time- 

dependent deformation behaviour.

8.2.1 Time-independent deformation characteristics

Uniaxial Kq compression and undrained shear experiments have together revealed 

the time-independent deformation characteristics of oolitic sands. The results show 

conclusively that the time-independent deformation of oolitic sands can be
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interpreted within the critical state model of Schofield and Wroth (1968, Section 

2.5.4).

Oolitic sands are deposited in a Virgin overconsolidated’ or 'dry of critical’ state, 

which means that the material has an initial state which is more dense than the 

critical state (Section 2.5.3). In terms of the critical state model, when these sands 

undergo uniaxial Kq compression, they deform along a 'swelling line’, which lies 

below the Roscoe state boundary surface in specific volume/mean effective 

stress/deviatoric stress space (Fig. 8.1). Hence, by definition, deformation is 

elastic. With increasing applied stress, this swelling line passes beneath the critical 

state line in mean effective stress/deviatoric stress/specific volume space and 

converges with the uniaxial Kq compression line (Fig. 8.1). At this point, 

deformation, under continued uniaxial Kq conditions, proceeds in the Roscoe state 

boundary surface, along the uniaxial Kq compression line (Fig. 8.1). As deformation 

now occurs at the state boundary surface, it may be a combination of both elastic 

and plastic strain.

Microstructural analysis, of samples previously subjected to compression, has 

shown that grain fracturing and grain-to-grain contact crushing initiates between 7 

and 32 MPa, and increases continuously to 60 MPa axial effective stress. From the 

experimental data, the critical pressures marking the onset of grain crushing (Zhang 

et al. 1990, Hagerty et al. 1993), have been estimated as 29, 26 and 31 MPa axial 

effective stress for ooids of grain diameter 212 pm, 300 pm and 425 pm, 

respectively. Interpretation of both the shear and Kq data in this study, has 

indicated that the critical pressure for grain crushing equates to the point on the 

stress path, where the swelling line meets the Roscoe state boundary surface, 

where deformation continues along the Kq compression line (Rg. 8.1). In other 

words the stress state at which grain crushing commences, for Zhang et al. 1990 

and Hagerty et al. 1993, is equivalent to the stress state at which irrecoverable 

deformation starts to occur, in the critical state model. A study of the literature has 

not revealed any previous work, which has identified this relationship between the 

critical pressure and the state boundary surface of the critical state model. Novello 

and Johnston (1995) have previously suggested that the brittle-ductile transition in 

sediments and rocks relates to the change from overconsolidated to normally 

consolidated states in soils. However, these changes occur at the critical state, and
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Critical state Line

K com pression H vors lev  surface

us60

deviatoric
stress
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us32

Sw elling line
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Critical pressure  
point w h ere  
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starts and stress 
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Tensile  failure

Fig. 8.1: Proposed critical state geometry for Sadiyat Delta ooids saturated in rain water. The 
deformation follows a swelling line under uniaxial K q compression. If sheered from a stress state below 
the critical pressure (us7) the deformation path follows the Hvorslev surface to the critical state line. If 
sheered from a stress above the critical pressure (us32 and us60) then the deformation path lies in the 
Roscoe surface. It is suggested that the critical pressure equates to the point where the swelling line 
meets the Roscoe surface.
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not the critical pressure for grain crushing.

At the critical pressure, a change In the properties of the sample is expected: There 

would be a grain size reduction and a grain shape change, as a result of the onset 

of fracturing. Hence, at stresses below the critical pressure/state boundary surface, 

the sample would be composed of predominantly whole spherical grains, whereas, 

at stresses above the critical pressure/state boundary surface, the samples would 

contain a mixture of whole grains and angular fragments of broken grains, resulting 

in a smaller median grain size. This hypothesis is supported by the microstructural 

results from this study, which show that at an axial effective stress of 7 MPa (i.e. 

below the critical pressure) grain crushing is negligible and deformation is assumed 

to occur by elastic deformation, grain boundary frictional sliding and grain 

rearrangement. Conversely, at stresses of 32 and 60 MPa (i.e. above the critical 

pressure), grain crushing increases with increasing stress and samples deform by 

fracturing of grains and micro-fracturing at grain-to-grain contacts, in addition to 

frictional grain boundary sliding. It is suggested that these changes in texture 

account for the change in state from 'dry of critical’ to V/et of critical’, and this is 

reflected in the undrained shear behaviour of oolitic sands.

When oolitic sand samples are sheared from low stresses, below the critical 

pressure, they are 'dry of critical’ and the deformation behaviour is characterised by 

dilatancy hardening. However, at axial effective stresses above the critical pressure 

for grain crushing, samples are Vvet of critical’ and undrained shear deformation is 

characterised by a peak stress state followed by strain softening at an essentially 

constant pore volume. In terms of the critical state model (Section 2.5.4), samples 

sheared from a state which is 'dry of critical’ have stress paths which traverse the 

Hvorslev surface towards the critical state line, whereas, samples which are \vet of 

critical’ have stress paths which traverse the Roscoe surface towards the critical 

state line (Rg. 8.1). However, as all samples approach an 'ultimate state’ (Section 

2.5.3), none deform at a true critical state of constant stress and constant pore 

volume. Instead, samples generally show dilation with either strain hardening or 

strain softening (Rg. 8.1). This behaviour is attributed to the continuing material 

property changes resulting from grain fracturing and the turbulent flow’ 

characteristics which occur in coarse-grained materials at failure (Atkinson 1993, 

Section 2.5.3).
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The time-independent deformation of oolitic sands has revealed that there is a 

significant change in behaviour above and below the critical pressure for the onset 

of grain crushing, and the associated deformation characteristics are independent 

of the saturating pore fluid type or grain size of the material. However, although the 

deformation trends are independent of these variables, the relative values of 

stress/strain data are affected. Hence, there is a secondary effect of both pore fluid 

type and grain size, seen during both Kq compression and shear.

Firstly, at the highest experimental axial effective stress of 60 MPa, there is 

evidence, from direct microstructural observations, that aqueous fluids enhance 

grain fracturing, and spalling in particular. This phenomenon is attributed to stress 

corrosion processes at crack tips, favouring the high intergranular stresses and 

presence of aqueous fluids (Anderson and Grew 1977, Atkinson 1984, Atkinson 

and Meredith 1989). Secondly, previous research has shown that an increasing 

grain size promotes higher intergranular stresses, resulting in grain crushing at 

lower applied stresses (De Souza 1958, Roberts 1964, Hite 1989, Hagerty et al. 

1993). However, this grain size effect was not seen in oolitic sands, with the 

intermediate grain size samples consistently exhibiting lower critical pressures than 

both larger and smaller grain size samples. In addition, at stresses above the 

critical pressure for grain crushing (i.e. 32 and 60 MPa axial effective stress) the 

intermediate grain size samples consistently show the least shear resistance. 

These phenomena are attributed to the nature of the grains, as discussed below.

The arrangement of the aragonite laths in an ooid creates a micro-porosity. 

Therefore, oolitic sand in bulk has a bimodal porosity comprising an intergranular 

macro-porosity and an intragranular micro-porosity. By definition, the larger the ooid 

the greater the number of aragonite cortices present. In addition, the nucleus of an 

ooid will, in general, comprise a greater proportion of the total ooid volume in a 

small grain compared with a larger grain. Thus, it follows that, the micro-porosity of 

a large ooid will be greater than for a small ooid. However, the individual nature of 

the aragonite crystals further influences the amount of porosity: Microstructural 

studies have shown that, for samples used in this study, the smallest ooids, AI 

Bahrani Delta ooids (of grain diameter 212 pm), are composed of tangentially 

arranged euhedral aragonite laths of 1-2 pm in length. Conversely, the aragonite 

crystals on the surface of the two larger grain size ooids, Sadiyat Island ooids (300
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nm) and Sadiyat Delta ooids (425 ^m), are subhedral sub-spheric grains of 100-500 

nm in length. Elongate euhedral grains, such as those of AI Bahrani Delta ooids, 

provide a higher porosity than the sub-spheric grains of Sadiyat Delta and Sadiyat 

Island ooids. This is due to packing arrangements with angular particles packing 

less closely than sub-spherical particles. In summary, it is suggested that these 

variations in microstructural characteristics, for different oolitic sands, explain why 

an increasing grain size does not result in increased grain crushing.

8.2.2 Time-dependent deformation characteristics

The constant stress creep experiments, presented in Chapter 7, have shown that 

time-dependent deformation occurs in all samples and was still continuing at the 

termination of tests at 14 days.

Creep deformation in oolitic sands is enhanced by the application of high stresses. 

From microstructural evidence, creep strains are accommodated by time-dependent 

frictional grain boundary sliding at axial effective stresses of 7 MPa and by time- 

dependent grain fracturing, micro-fracturing at grain-to-grain contacts and frictional 

grain boundary sliding at stresses of 32 and 60 MPa.

Creep deformation is also enhanced by the presence of chemically active pore fluids 

and a small grain size. In all samples, the presence of aqueous fluids enhance 

creep strains at stresses of 32 and 60 MPa, but not at 7 MPa. This pore fluid effect 

is attributed to stress corrosion, which is known to be enhanced at higher stress 

magnitudes. As with time-independent deformation, a general grain size trend is not 

found in all samples. This is attributed to the individual nature and micro-porosities 

of each oolitic sand type, as discussed previously. However, the smallest grain size 

samples consistently attain higher creep strains than the largest grain size 

samples, regardless of the pore fluid type or stress magnitude. This phenomenon is 

attributed to additional grain boundary sliding in the smallest grain size samples, 

resulting in larger strains.

No samples quite reached a steady-state creep regime during the deformation 

reported here. All creep should, therefore, be designated as primary creep. This 

result is to be expected, as sediments are known to rarely exhibit extended periods
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of steady-state creep, often showing either continually decreasing creep rates or 

primary creep followed by creep rupture (Section 2.4.1.2). However, towards the end 

of most creep tests presented here, it is clear that a steady-state is being 

approached and a quasi-steady state can be observed. This is demonstrated in 

Figure 7.36.

8.3  Synthesis

The work presented in this thesis provides an insight into the compaction and creep 

of oolitic sands. The most significant factor which effects both the time-independent 

and time-dependent deformation of oolitic sands is the stress at which grain 

crushing commences. For oolitic sands used in this study, the critical pressure was 

estimated to lie between 26 and 31 MPa axial effective stress, for ooids of grain 

size 212, 300 and 425 pm, and saturated in an inert hydrocarbon. These stresses 

equate to burial depths in the range 1500-2000m. At lesser depths, during 

compression, shear and creep deformation regimes, strain is accommodated by 

frictional grain boundary sliding with negligible effect of pore fluid type seen over the 

periods studied. Hence, the micro-porosity contained within each ooid is preserved 

and the bulk porosity reduction is limited by the density of the grain packing 

configuration which is attained. If the sediment is subject to shear stresses, such 

as occurs under tectonic regimes or sediment mass movements, the oolitic sand 

behaves as an overconsolidated material.

At stresses above the critical pressure, the sediment behaves as a normally 

consolidated material and strain is accommodated by grain fracturing, both at the 

macro- and micro-scale, in addition to frictional grain boundary sliding. At high 

stresses, and in the presence of aqueous fluids, stress corrosion is thought to 

operate, resulting in enhanced grain crushing, with this process being enhanced 

over time. Hence, at stresses above the critical pressure for grain crushing, both 

the macro- and micro-porosities would be expected to reduce significantly, 

particularly with time and when the sediment is saturated with aqueous pore fluids. 

No evidence of pressure solution or cementation was noted in experiments for 

which results are presented in this thesis.
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Time-independent deformation mechanisms are generally considered to control the 

compaction resulting from post-production processes in hydrocarbon reservoirs 

(Zoback and Byerlee 1976, Jones and Mathieson 1993, Donaldson et al. 1995) and 

the compaction of rapidly subsiding sedimentary basins (Donaldson et al. 1995). 

However, experiments in this thesis have shown that time-dependent deformation is 

also significant during the uniaxial compaction of oolitic sands. Nonetheless, 

although creep has been shown to be significant, the bulk of the strain resulting 

from this on-going creep deformation, occurs relatively quickly. This is demonstrated 

in Figure 8.2, which shows the effect of creep on the ultimate strains: The creep 

data, presented in Chapter 7, has shown the volumetric strains of oolitic sands with 

respect to time at different conditions of axial effective stress. Conversely, the 

uniaxial Kq compression data, presented in Chapter 5, has shown the time- 

independent volumetric strains at different axial effective stress magnitudes. In 

order to compare directly the strain data of the time-dependent creep tests with that 

of the time-independent uniaxial Kq compression tests, it is necessary to compare 

the effect of axial effective stress on axial strain at different time intervals. This 

comparison is shown in Figure 8.2, using data for Sadiyat Island ooids as an 

example. The time-dependence of strain is indicated by different time contours of 

the stress/strain creep data with the uniaxial Kq compression path representing the 

t = zero time contour. During a Kq test, the axial effective stress is continuously 

increasing and the samples only experience a certain stress regime instantaneously 

so time can be taken as zero.

Figure 8.2 shows that, for samples saturated in either inert hydrocarbon or aqueous 

fluids, most creep strain is accumulated within a few hours (i.e. a period of 0.1 

days). As production is ongoing, strains resulting from both time-independent and 

time-dependent deformations would occur simultaneously, with the resultant strain 

appearing to be instantaneous. Hence, no tangible evidence of creep would occur 

until after the cessation of production. However, Figure 8.2 also demonstrates that 

the creep strain rate decelerates rapidly, even at high stresses. For example, 

Sadiyat Island ooids saturated in rain water at 32 MPa axial effective stress (Fig. 

8.1(b)), show that strain accumulated after time-independent Kq compression is 0.1 

days (i.e. 2.4 hours) is 90% of the total after 10 days. At 1 day this increases by 5% 

to 95% and after 10 days strain increases by only a further 5%. Hence, after 

approximately 0.1 days, the time contours indicate that strain accumulates with an
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approximately logarithmic increase in time for all samples. However, more long-term 

creep data would be required to test this strain/time relationship definitively, in 

order that predictions of creep strain with time might be made with confidence.

Sea water injection into North Sea chaik reservoirs is known to result in compaction 

with subsidence (Leddra 1990, Kageson-Loe 1993, Loe et al. 1992, Piau and 

Maury 1994). This study has also shown that that creep strains in oolitic sands are 

significantly enhanced by the presence of both sea water and fresh water pore 

fluids, under laboratory conditions (Figs. 8.2(a) and (b)). However, this effect of pore 

fluid type is seen only in sampies deformed at effective stresses above the critical 

pressure for grain crushing. In view of the above findings, it is expected that sea

water injection into oolitic reservoirs is likely to result in enhanced compaction and 

enhanced hydrocarbon production, but only if the effective stresses are sufficiently 

high, as observed in chalk reservoirs.

It has been shown in this study, that the critical state model is applicable to the 

time-independent deformation behaviour of oolitic sands, in view of this, if the 

geometries of the state boundary surfaces are known within the critical state 

framework, then it should be possible to make predictions regarding the time- 

independent behaviour of oolitic sands deformed at different stress/pore volume 

states. Experiments in this study have identified certain aspects of this critical state 

framework geometry. Namely, the critical state line, and parts of the Roscoe and 

Hvorslev surfaces (Fig. 8.1). However, in order to more confidently predict the time- 

independent behaviour of oolitic sand, it would be necessary also to study behaviour 

during isotropic compression followed by undrained shear. This would provide data 

which would enable the geometry of the Roscoe surface from the normal 

consolidation line to the critical state line to be mapped (Section 2.5.4).

The critical state model does not account for any chemical or time-dependent 

aspects of deformation. However, time-dependent deformation of oolitic sands has 

shown that, at high effective stresses, the chemicai environment significantly 

affects volumetric strains and, hence, pore volumes over even relatively short 

periods of time. Thus, there is a need for development of a more comprehensive 

model which can take account of the additional strains induced by chemically- 

enhanced compaction and creep.
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8 .3  Conclusions

The deformation characteristics of oolitic sand are most strongly influenced by 

the effective stress magnitude. Deformation behaviour during Kq compression, 

undrained shear and creep is significantly different at stresses above and below 

the critical pressure for grain crushing (Zhang et al. 1990, Hagerty et al. 1993). 

For oolitic sands sampled for this study, the estimated critical pressures are 29, 

26 and 31 MPa axial effective stress for AI Bahrani Delta ooids, Sadiyat Island 

ooids and Sadiyat Delta ooids respectively.

When samples undergo time-independent deformation, at axial effective 

stresses below the critical pressure for grain crushing, strain is accommodated 

by elastic deformation at grain-to-grain contacts and frictional grain boundary 

sliding. Conversely, at stresses above the critical pressure for grain crushing, 

time-independent strain is accommodated by grain fracturing and crushing at 

grain-to-grain contacts, in addition to elastic deformation at grain-to-grain 

contacts and frictional grain boundary sliding,. There is no evidence of any 

pressure solution or cementation observed in this study.

Time-dependent deformation is seen in all samples of oolitic sand deformed for 

extended time periods at constant stress, and was continuing at the termination 

of tests at 14 days. No sample reached a steady-state creep regime and all 

creep can be designated as primary creep. Time-dependent deformation occurs 

by time-dependent frictional grain boundary sliding at stresses below the critical 

pressure and by time-dependent grain fracturing and crushing at grain-to-grain 

contacts in addition to time-dependent frictional grain boundary sliding, at 

stresses above the critical pressure. Again no evidence of pressure solution or 

cementation was observed.

Stress corrosion is thought to enhance grain fracturing and grain-to-grain 

crushing under conditions of high stress. This process is further enhanced in the 

presence of aqueous fluids and with increased time.

Oolitic sands are deposited in a Virgin overconsolidated’ or 'dry of critical’ state, 

in which the sample has an initial pore volume state that is more dense than
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the critical state.

• The critical state model (Schofield and Wroth 1968) can be applied to oolitic 

sands during time-independent deformation. Samples which are sheared from 

stresses below the critical pressure for grain crushing, exhibit dilatancy 

hardening. These samples are sheared from a state which is 'dry of critical' and 

have stress paths which traverse the Hvorslev surface towards the critical state 

line. However, at axial effective stresses above the critical pressure for grain 

crushing, undrained shear deformation is characterised by a peak strength and 

strain softening at an essentially constant pore volume. These samples, which 

are V/et of critical’, have stress paths which traverse the Roscoe surface 

towards the critical state line. However, as all samples approach an ultimate 

state, none deform at a true critical state of constant stress and constant pore 

volume. Instead, samples generally show dilation with either strain hardening or 

strain softening. This behaviour is attributed to the changes in the sample 

properties due to grain crushing and the turbulent flow characteristics which 

occur in coarse-grained materials at failure.

• The geometry of the critical state failure line is independent of pore fluid type, 

regardless of the grain size of the material.

Oolitic sands have a 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 the intragranular porosity is dependent on the shape and size 

of the aragonite crystals forming the ooids and the size of the individual ooids.

Hence, the time-independent deformation behaviour of oolitic sands does not 

appear to show a grain size dependence.

A general grain size trend is not found in all samples. This is attributed to the 

individual nature and micro-porosities of each oolitic sand type. However, the 

smallest grain size samples consistently attain higher creep strains than the 

largest grain size samples, regardless of the pore fluid type or stress 

magnitude. This phenomenon is attributed to the dominance of grain boundary 

sliding in the smallest grain size samples, resulting in larger strains.
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8.4  Recommendations for future work

This study has Investigated the compaction and creep behaviour of oolitic sands. A 

systematic study of the effects of differential stress, effective stress magnitude, 

pore fluid type and grain size has been undertaken. However, this study has 

highlighted aspects of deformation which require further Investigation In order that 

the deformation characteristics of oolitic sand are more fully understood. The 

following are suggestions for such future work:-

Geometrv of the critical state model: In order to more fully describe the state 

boundary surfaces In the critical state framework. It Is necessary know the geometry 

of the normal consolidation line described by the stress paths of samples 

undergoing Isotropic compression. If samples are then sheared from such 

stress/pore volume states, the stress paths describe the geometry of the Roscoe 

surface. Fixing these geometries enable predictions to be made regarding the time- 

independent deformation behaviour of oolitic sands.

Development of a more comprehensive model: It has been demonstrated In this 

study that the critical state model Is generally applicable to oolitic sands. However, 

It has also been demonstrated that strains and pore volume reductions are 

enhanced with Increasing time and at high stresses by the presence of aqueous 

fluids. In view of this, there Is a need to extend the present critical state model to 

account for both time-dependent and chemical effects.

MIcro-mechanlcs of single grains: This study has shown that the presence of a 

micro-poroslty Influences the deformation characteristics of oolitic sand. In order to 

further understand and predict the deformation behaviour of oolitic sands. It Is first 

necessary to understand the micro-mechanlcs of a single grain. It Is suggested that 

future work should aim to determine the micro-porosltles and time-independent and 

time-dependent deformation behaviour of single grains. The micro-porosltles can be 

determined using mercury poroslmetry.

396



Bibliography

Adams, MJ. and Briscoe, BJ. (1994) Deterministic micromechanical modelling of 

failure or flow in discrete planes of densely packed particle assemblies: 

Introductory principles. In: Mehta, A. (ed.) Granular matter - an Interdisciplinary 

approach. Springer-Verlag, Berlin, pp 259-291.

Addis, M.A. (1987) Mechanisms of sediment compaction responsible for oil field 

subsidence. Unpublished Ph.D. thesis. University of London.

Addis, M.A. and Jones, M.E. (1985) Volume changes during diagenesis. Marine and 

Petroleum Geology, 2, pp 241-245.

Andersen, M.A. Foged, N. and Pedersen, H.F. (1992) The rate-type compaction of a 

weak North Seawater chalk. In: Tillerson, J.R. and Wawerski, W.R. (eds.) Rock 

mechanics. Balkema, Rotterdam.

Anderson, O.L. and Grew, P.C. (1977) Stress corrosion theory of crack propagation 

with applications to geophysics. Reviews of Geophysics and Space Physics, 15, 

1, pp 77-104.

Atkinson, B.K. (1984) Sub-critical crack growth in geological materials. Journal of 

Geophysical Research, 89, pp 4298-4312.

Atkinson, B.K. and Meredith, P.O. (1989) The theory of sub-critical crack growth with 

applications to minerals and rocks. In: Atkinson, B.K. (ed.) Fracture mechanics 

of rock. Academic Press, London, pp 111-166.

Atkinson, J.H. (1993) An introduction to the mechanics of soils and foundations. 

McGraw-Hill, London, 337 p.

Atkinson, J.H. and Bransby, P.L. (1978) The mechanics of soils - an introduction to 

critical state soil mechanics. McGraw-Hill, London, 375 p.

Audet, D.M. and McConnell, J.D.C. (1992) Forward modelling of porosity and pore 

pressure evolution in sedimentary basins. Basin research, 4, pp 147-162.

Ayer, N.J. (1971) Statistical and pétrographie comparison of artificially and 

compacted carbonate sediments. Unpublished Ph.D. thesis. University of 

Illinois, 100 p.

Badiozamani, K. (1973) The Dorag dolomitization model - application to the Middle 

Ordovician of Wisconsin. Journal of Sedimentary Petrology, 43, pp 965-984.

Bathurst, R.G.C. (1967) Oolitic films on low energy carbonate sand grains, Bimini

397



Lagoon, Bahamas. Marine Geology, 5, pp 89-109.

Bathurst, R.G.C. (1975) Carbonate sediments and their dIagenesIs: Developments In 

sedlmentology 12 (second edition). Elsevier, Amsterdam, 658 p.

Behringer, P.P. and Baxter, G.W. (1994) Pattem formation and complexity in granular 

flows. In: Mehta, A. (ed.) Granular matter - an Interdisciplinary approach. 

Springer-Verlag, Berlin, pp 85-119.

Bhattacharrya, A. and Friedman, G.M. (1979) Experimental compaction of ooids and 

lime mud, and its implication for lithification during burial. Journal of 

Sedimentary Petrology, 49, 4, pp 1279-1286.

Bhattacharrya, A. and Friedman, G.M. (1983) Mineralogical and paramorphic textural 

changes generated by modem ooids by heat and compaction. Geology, 11, pp 

596-598.

Bhattacharrya, A. and Friedman, G.M. (1984) Experimental compaction of ooids 

under deep-burial diagenetic temperatures and pressures. Journal of 

Sedimentary Petrology, 54, 2, pp 362-372.

Biot, M.A. (1941) General theory of 3-D consolidation. Joumal of Applied Physics, 12, 

pp 155-164.

Biot, M.A. (1955) Theory of elasticity and consolidation for a porous anisotropic 

solid. Journal of Applied Physics, 26, pp 182-185.

Biot, M.A. (1956) General solution of the equation of elasticity and consolidation for 

a porous material. Journal of Applied Mechanics, 23, pp 91-96.

Bishop, A. (1976) The influence of system compressibility on the observed pore 

pressure response to an undrained change in stress in saturated rock. 

Geotechnique, 26, pp 372-375.

Bishop, A.W. and Lovenbury, H.T. (1969) Creep characteristics of two undisturbed 

clays. Proceedings of the 7th International Conference for Soils and Foundation 

Engineering, Mexico, pp. 29-38.

Bishop, A.W. and Skinner, A. (1977) The influence of high pore water pressure on 

the strength of cohesionless soil. Philosophical Transactions of the Royal 

Society of London, A284, pp 97-130.

Bolton, M. (1991) A guide to soil mechanics. Macmillan, London, 439 p.

Borg, I., Friedman, M., Handin, J. and Higgs, D.V. (1960) Experimental deformation 

of St. Peter sand: A study of cataclastic flow. In: Griggs, D. and Handin, J. 

(eds.). Rock deformation - a symposium. The Geological Society of America 

Memoir, 79, pp 133-191.

398



Botset, H.G. and Reed, B.W. (1935) Experiment on compressibility of sand. Bulletin 

of the American Society of Petroleum Geologists, 19, p 1053.

British Standards Institution (1990) 1377: Methods of testing soils for civil 

engineering purposes.

Brooker, E.W. and Ireland, H.O. (1965) Earth pressures at rest related to stress 

history. Canadian Geotechnical Journal, 11, pp 1-15.

Brzesowsky, R. (1995) Micromechanics of sand grain failure and sand compaction. 

Unpublished Ph.D. thesis, University of Utrecht, 179 p.

Burland, J.B. (1989) The ninth Bjerrum Memorial Lecture: Small is beautiful - the 

stiffness of soils at small strains. Canadian Geotechnical Journal, 26, pp 499- 

516.

Butenath, C. and De Freitas, M.H. (1990) Studies of the influence of water on 

calcite. In: Burland, J.B. (ed.). Chalk, Thomas Telford, London, 695 p.

Chen, L.-S. (1948) An investigation of stress-strain and strength characteristics of 

cohesionless soils by triaxial compression tests. Proceedings of the 2^ 

Intemational Conference on Soil Mechanics and Foundation Engineering, 5, pp 

35.

Coogan, A.H. (1970) Measurements of compaction in oolitic grainstone. Journal of 

Sedimentary Petrology, 40, pp 921-929.

Coop, M.R. (1990) The mechanics of uncemented carbonate sands. Geotechnique, 

40, 4, pp 607-626.

De Beer (1963) The scale effect in the transposition of the results of deep sounding 

tests on the ultimate bearing capacity of piles and caisson foundations. 

Geotechnique, 13 (1), pp 39-75.

Dewers, T. and Hajash, A. (1994) Rate laws for water-assisted densification and 

stress-induced water-rock interaction in sandstones. In: Hickman, S.H., Sibson, 

R.H. and Bruhn, R.L. (eds.). Proceedings of workshop LXIII - the mechanical 

involvement of fluids in faulting. U.S. Geological Survey Open-File Report 94- 

228, Menlo Park, CA., pp 576-611.

Donaldson, E.C., Chilangarian, G.V. and Yen, T.F. (1995) Stresses in sediments. In: 

Chilangarian, G.V., Donaldson, E.C. and Yen, T.F. (eds.) Subsidence due to fluid 

withdrawal, Developments in Petroieum Science 41, Elsevier, Amsterdam, pp 1- 

46.

Elias, B.P. and Hajash, A. (1992) Changes in quartz solubility and porosity due to 

effective stress: An experimental investigation of pressure solution. Geology,

399



20, pp 451-454.

Farmer, I.W. (1983) Engineering behaviour of rocks (second edition). Chapman and 

Hall, London. 208 p.

Feda, J. (1989) Interpretation of creep of soils by rate process theory. Geotechnique, 

39, 4, pp 667-677.

Ferguson, C.C., Lloyd, G.E. and Knipe, R.J. (1987) fracture mechanics and 

deformation processes in natural quartz: a combined Vickers indentation, SEM 

and TEM study. Canadian Journal of Earth Sciences, 24, pp 544-555.

Ferguson, J., Bush, P.R. and Clarke, B.A. (1984) The role of organic matter in the 

early diagenesis of carbonate ooids - an experimental study. Journal of 

Petroleum Geology, 7, 3, pp 245-266.

Fleming, N. (1992) An experimental study of carbonate cementation of sandstones. 

Unpublished Ph.D. thesis. University of London, 345 p.

Friedman, G.M. (1964) Early diagenesis and lithification in carbonate sediments. 

Journal of Sedimentary Petrology, 34, pp 777-813.

Frossard, E. (1979) Effect of sand grain shape on interparticle friction; indirect 

measurements of Rowe’s stress dilatancy theory. Geotechnique, 29, pp 341- 

350.

Fruth, L.S., Orme, G.R. and Donath, F.A. (1966) Experimental compaction effects in 

carbonate sediments. Journal of Sedimentary Petrology, 36, pp 747-754.

Fyfe, W.S. and Bischoff, J.L. (1965) The calcite-aragonite problem. Soc. Econ. 

Palaeontologists and Mineralogists, Special Publication, 13, pp 3-13.

Gallagher, J.J. (1974) Hertzian theory applied to tensile fracture of natural sand 

grains. Eos, Transactions of the American Geophsical Union, 55 ,12 , p 1195.

Gallagher, J.J. (1976) Fracturing of quartz sand grains. In: Site characterisation - 

Proceedings of the 17th Symposium on Rock Mechanics, Snowbird, Utah, pp 

2A4.1-2A4.8.

Gallagher, J.J. (1987) Fractography of sand grains broken by uniaxial compression. 

In: Marshall, J.R. (ed.) Clastic particles - scanning eiectron microscopy and 

shape analysis of sedimentary and volcanic clasts. Van Nostrand Rheinhold, 

New York.

Gallagher, J.J., Friedman, M., Handin, J. and Sowers, G.M. (1974) Experimental 

studies relating to microfracture in sandstone. Tectonophysics, 21, pp 203-247.

Ginsburg, R.N. (1957) Early diagenesis and lithification of shallow water sediments 

in south Florida. In: Le Blanc, R.J. and Breeding, J.G. (eds.) Regional Aspects of

400



Carbonate Deposition, Soc. Econ. Paiaeont. Minerai. Spec. Pub., 5, pp 80-99.

Groshong, R.H. (1988) Low temperature deformation mechanisms and their 

interpretation. Geoiogicai Society of America Bulietin, 100, pp 1329-1360.

Hagerty, M.M., Hite, D.R., Ulirich, C.R. and Hagerty, D.J. (1993) One-dimensional 

compression of granular media. Journal of Geotechnicai Engineering, 119, 1, pp 

1-18.

Hall, E.B. and Gordon, B.B. (1963) Triaxial testing with large-scale high pressure 

equipment. In: Lat>oratory shear testing of soils - ASTM Special Publication 361, 

ASTM, Philadelphia, pp 315-328.

Hatzor, Y.H. and Palchik, V. (1997) The influence of grain size and porosity on crack 

initiation stress and critical flow length in dolomites. International Journal of 

Rock Mechanics and Mining Science, 34, 5, pp 805-816.

Harremoes, P. (1959) Compressibility of ground sand at high pressures. Unpublished 

M.S. thesis, Massachusetts Institute of Technology.

Head, K.H. (1986) Manual of soil laboratory testing - Volume 3: Effective stress 

tests. Pentech Press, London, pp 743-1238.

Head, K.H. (1994) Manual of soil laboratory testing - Volume 2: Permeability, shear 

strength and compressibility tests (second edition). Pentech Press, London, 

440 p.

Hertz, H.R. (1882) Ueber die Beruhrung fester elastischer Korper. Journal fur die 

reine und angewandte Mathematik, 92,156-171.

Hertz, H.R. (1896) Miscellaneous Papers by H. Hertz. Macmillan, London.

Hirth, G. and Tullis, J. (1989) The effects of porosity on the micromechanics of the 

brittle-ductile transition in quartzite. Journal of Geophysical Research, 94, 17, 

ppl7,825-17,838.

Hite, D.R. (1989) High pressure consolidation tests on sand. Unpublished M.Eng. 

thesis. University of Louisville.

Horne, M.R. (1969) The behaviour of an assembly of rotund, rigid, cohesionless 

particles. Proceedings of the Royal Society, A310, pp 21-34.

Houseknecht, D.W. (1984) Influence of grain size and temperature on intergranular 

pressure solution, quartz cementation and porosity in a quartzose sandstone. 

Journal of Sedimentary Petrology, 54, 2, pp 348-361.

Houseknecht, D.W. (1987) Assessing the relative importance of compaction 

processes and cementation to reduction of porosity in sandstones. American 

Association of Petroleum Geologists Bulletin, 71, 6, pp 633-642.

401



Ishida, T., Chen, Q., Mizuta, Y. and Roegiers, J.G. (1998) Influence of fluid viscosity 

on hydraulically induced crack geometry. International Journal of Rock 

Mechanics and Mining Science, 35, 4 /5 , pp 460-462.

Jaeger, J. 0. and Cook, N. G. W. (1979) Fundamentals of rock mechanics. Chapman 

and Hall, London, 593 p.

Jamison, W.R. (1992) Stress spaces and stress paths. Journal of Structural Geology. 

14,10, pp 1111-1120.

Jones, M.E. (1994) Mechanics of particulate media. In: Maltman, A. (ed.). The 

Geological Deformation of Sediments. Chapman and Hall, London, pp 37-72.

Jones, M.E., Goldsmith, A.S., Leddra, M.J. and Yassir, N.A. (1991) Compaction and 

flow in porous sedimentary rocks. In: Cosgrove, J. and Jones, M.E. (eds.) 

Neotectonics and resources. Bel haven, London, pp 16-42.

Jones, M.E., Leddra, M.J. and Addis, M.A. (1987) Reservoir compaction and sea 

floor subsidence due to hydrocarbon extraction, Offshore Technology Report OTH 

87276. HMSO, London 175 p.

Jones, M.E. and Leddra, M.J. (1989) Compaction and flow of porous rocks at depth. 

In: Maury, V. and Fourmaintraux, D. (eds.). Rock at Great Depth. Balkema, 

Rotterdam, pp 891-898.

Jones, M.E. and Mathieson, E. (1993) Pore pressures, compaction drive and 

reservoir compaction in the North Sea chalk hydrocarbon reservoirs. 

Intemational Journal of Rock Mechanics and Mining Science, 30, pp 636-642.

Kageson-Loe, N. M. (1993) The strain behaviour of chaik. Unpublished Ph.D. thesis. 

University of London, 335 p.

Kahle, C.F. (1966) Some observations on compaction and consolidation in ancient 

oolites. Compass, 44, pp 19-29.

Karig, D.E. and Hou, G. (1992) High stress consolidation experiments and their 

geologic implications. Joumal of Geophysical Research, 97, Bl, pp 289-300.

Karig, D.E. and Morgan, J. (1994) Tectonic deformation - stress paths and stress 

histories. In: Maltman, A. (ed.). The Geological Deformation of Sediments. 

Chapman and Hall, London, pp 167-204.

I^aernasli, B. and Sande, A. (1963) Compressibility of some coarse-grained 

materials. Proceedings of the European Conference of Soil Mechanics and 

Foundation Engineering, Weisbaden, Germany, pp 245-251.

Knipe, R.J. (1989) Defonnation mechanisms - recognition from natural tectonites. 

Journal of Structural Geology, 1 1 ,1 /2 , pp 127-146.

402



Kranz, R.L. (1983) Microcracks In rocks - a review. Tectonophysics, 39, pp 351-381.

Kuhn, M.R. and Mitchell, J.K. (1993) New perspectives on soil creep. Joumal of 

Geotechnicai Engineering, 119, pp 507-524.

Lade, P. V. and De Boer, R. (1997) The concept of effective stress for soil, concrete 

and rock. Geotechnique, 4 7 ,1 , pp 61-78.

Lade, P.V., Yamamuro, J.A. and Bopp, P.A. (1996) Significance of particle crushing In 

granular materials. Joumal of Geotechnicai Engineering, 122/4, pp 309-316.

Lambe, I.W. and Whitman, R.V. (1979) Soil mechanics - SI version. Wiley, New York, 

553 p.

Land, L.S., Behrens, E.W. and Frishman, S.A. (1979) The oolds of Baffin Bay, Texas. 

Journal of Sedimentary Petrology, 49, pp 1269-1278.

Lankford, J. (1979) Uniaxial compressive damage In a-SIC at low homologous 

temperatures. Journal of the American Ceramics Society, 62, pp 310-312.

Lankford, J. (1981) The role of tensile microfracture In the strain rate dependence of 

compressive strength of fine-grained limestone: Analogy with strong ceramics. 

Intemational Journal of Rock Mechanics and Mining Science, 18, pp 173-175.

Leddra, M.J. (1990) Deformation of chalk through compaction and flow. Unpublished 

Ph.D. thesis. University of London, 370 p.

Lee, K.L. and Farhoomand, I. (1967) Compressibility and crushing of granular soil In 

anisotropic triaxlal compression. Canadian Geotechnicai Joumal, 4 ,1 , pp 68-86.

Lehner, F.K. (1990) The thermodynamics of rock deformation by pressure solution. 

In: Barber, D.J. and Meredith P.O. (eds.) Deformation processes In minerals, 

ceramics and rocks. Unwin Hyman, London, pp 296-333.

Link, G. (1903) Die Blldung der Oollthe and Rogenstelne. Neues Jahrbuch. Mineral. 

Geol., 54, pp 249-262.

Lloyd, G.E. and Knipe, R.J. (1992) Deformation mechanisms accommodating faulting 

of quartzite under upper crustal conditions. Journal of Structural Geology, 14, 2, 

pp 127-143.

Loe, N.M., Mathieson, E., Jones, M.E. and Leddra, M.J. (1992) The Influences of 

changes In pore fluid on the one-dlmenslonal compaction behaviour of the chalk. 

In: Proceedings of the North Sea Chalk Symposium, Deauville, France

Loreau, J-P. and Purser, B.H. (1973) Distribution and ultra-structure of Holocene 

oolds In the Persian Gulf. In: Purser, B.H. (ed.) The Persian Gulf. Sprlnger-Verlag, 

Berlin.

Maltman, A. (1994) Intoductlon and overview. In: Maltman, A. (ed.) The geological

403



deformation of sediments. Chapman and Hall, London, pp 1-36.

Martinez, B. and Plana, F. (1987) Quantitative x-ray diffraction of carbonate 

sediments: Mineralogical ananlysis through fitting Lorentzian profiles to 

diffraction peaks. Sedimentoiogy, 34, pp 169-174.

Mayne, P.W. (1988) Determining OCR in clays from laboratory strength. Journai of 

Geotechnicai Engineering, 114, pp 76-92.

Mehta, A. (ed.) (1994) Granuiar matter - an interdisciplinary approach. Springer- 

Verlag, Berlin, 306 p.

Milliken, K.L. (1994) The widespread occurrence of healed microfractures in 

siliciclastic rocks: Evidence fom scanned cathodoluminescence imaging. In: 

Nelson, P.P. and Laubach, S.E. (eds.) Rock mechanics - Models and 

measurements, challenges from industry. Balkema, Rotterdam, pp 825-832.

Milliman, J.D. (1974) Marine Carbonates. Springer-Verlag, Berlin.

Morse, J.W. (1983) The kinetics of calcium carbonate dissolution and precipitation. 

In: Reeder, R.J. (ed.). Reviews in Mineralogy, 11, pp 227-264.

Morse, J.W. and Mackenzie, F.T. (1990) Geochemistry of Sedimentary Carbonates. 

Elsevier, Amsterdam, 707 p.

Newman, G.M. (1981) The effect of water chemistry on the laboratory compression 

and permeability characteristics of some North Sea chalks. Society of Petroleum 

Engineers ofAiME, SPE publication no. 10203.

Novello, E.A. and Johnson, I.W. (1995) Geotechnicai materials and the critical state. 

Geotechnique, 45, 2, pp 223-235.

Petley, D.N. (1995) The deformation of clays and shales under high pressure 

conditions. Unpublished Ph.D. thesis. University of London, 343 p.

Petley, D.N., Jones, M.E., Leddra, M.J. and Kageson-Loe, N.M. (1992) On changes in 

fabric and pore geometry due to compaction and shear deformation of weak 

North Sea sedimentary rocks. In: North Sea Oil and Gas Reservoirs III, Graham 

and Trotman, London.

Piau, J.-M. and Maury, V. (1994) Mechanical effects of water injection on chalk 

reservoirs. In: Eurock’94. Balkema, Rotterdam, pp 819-827.

Pittman, E.D. and Larese, R.E. (1991) Compaction of lithic sands: Experimental 

results and applications. The American Association of Petroleum Geologists 

Bulletin, 75, 8, pp 1279-1299. Plummer, L.N. (1975) Mixing of seawater with 

calcium carbonate groundwater. Geological Society of America Memoir, 142, pp 

219-236.

404



Poirier, J.-P. (1985) Creep of crystals. Cambridge University Press, Cambridge,

260 p.

Potts, D.M., Jones, M.E. and Berget, O.P. (1988) Subsidence above the Ekofisk oil 

reservoirs. In: Proceedings of the International Conference on Behaviour of 

Offshore Structures, 1: Geotechnics, Trondheim, Nonvay, pp 113-127.

Pouya, A., Djeran-Maigre, I., Lamoureux-Var, V. and Grunberger, D. (1998) 

Mechanical behaviour of fine-grained sediments: Experimental compaction and a 

three-dimensional constitutive model. Marine and Petroleum Geology, 15, pp 

129-143.

Powell, B.N. and Lovell, G.L. (1994) Mechanisms of chalk compaction. In: Eurock 

'94. Balkema, Rotterdam, pp 811-818.

Rafalovich, A. and Chjaney, R.C. (1991) Correlation between OCR and depth for 

deep-sea sediments. Joumal of Geotechnicai Engineering, 117, pp 1744-1749.

Renner, J. and Rummel, F. (1996) The effect of experimental and microstructural 

parameters on the transition from brittle failure to cataclastic flow of carbonate 

rocks. Tectonophysics, 258, lA ,  pp 151-169.

Rhett, D.W. (1990) Compaction of North Sea chalk in contact with sea water. In: 

Hustrulid, W.A. and Johnson, G.A. (eds.) Rock Mechanics -  Contributions and 

Challenges, Proceedings of the 31®* US Symposium on Rock Mechanics. 

Balkema, USA.

Roberts, J. (1964) Sand compressibility as a factor in oil field subsidence. 

Unpublished D.Sc. thesis, Massachusetts Institute of Technology.

Rumpf, H., Faulhaber, F., Schonert, K. and Umhauer, H. (1967) Analyse der 

Brucherscheinungen in Glaskugein und kreisrunden Glasschieben. In: Rumpf, H. 

and Pietsch, W. (eds.), Zerkieinern - DECHEMA Monographien 57, 993-1026, 

A3, pp 85-126.

Rumpf, H. and Schonert, K. (1972) Die Brucherscheinungen in Kugein bei 

elastischen sowie plastischen Verformungen durch Druckbeanspruchung. In: 

Rumpf, H and Schonert, K. (eds.) Zerkieinern - DECHEMA Monographien 69, 

1292-1326, Teil 1, 1-2, pp 51-80.

Rutter, E.H. (1983) Pressure solution in nature, theory and experiment. Joumal of 

the Geoiogicai Society of London, 140, pp 725-740.

Schofield, A. N. and Wroth, C. P. (1968) Critical state soil mechanics. McGraw-Hill, 

London, 310 p.

Scholz, C.H. (1990) Mechanics of earthquakes and faulting. Cambridge University

405



Press, pp 439.

Schutjens, P.M.T.M. (1991) Experimental compaction of quartz sand at low effective 

stress and temperature conditions. Journal of the Geological Society of Londlon. 

148, pp 527-539.

Schutjens, P.M.T.M., Fens, T.W. and Smits, R.M.M. (1995) Expérimental

observations of the uniaxial compaction of quartz-rich reservoir rock at stresses 

up to 80 MPa. In: Conference Proceedings of the 5*̂  International Association) of 

Hydrological Sciences. lAHS Press, Instsitute of Hydrology, Wallingford, UK.

Schutjens, P.M.T.M., de Ruig, H. and Munster, J.G. (1994) Compressibiility

measurement and acoustic characterisation of quartz-rich consolidated reserwoir 

rock (Brent Field, North Sea). In: Eurock ’94. Balkema, Rotterdam, pp 557-57:1.

Shipway, P.M. and Hutchings, I.M. (1993) Fracture of brittle spheres uncder 

compression and impact loading II. Results for lead-glass and sapphire spherres. 

Philosophical Magazine, A67, 6 , pp 1405-1421.

Skempton, A.W. (1960) Terzaghi's discovery of effective stress. In: From theory' to 

practice In soil mechanics. John Wiley and Sons, New York, pp 42-53.

Skempton, A.W. (1961) Effective stress in soils, concrete and rocks. In: Ptore

pressure and suction In soils. Butterworths, London, pp 4-16.

Sorby, H.C. (1879) The structure and origin of limestones. Proceedings of tthe 

Geological Society London, 35, pp 56-95.

De Souza, J. M. (1958) Compressibility of sand at high pressure. Unpublished Mi.S. 

thesis, Massachusetts Institute of Technology, pp 63-64.

Spiers, C.J. and Brzesowsky, R.H. (1993) Densification of wet granular salt: thecory 

versus experiment. In: Kakihan, H., Hardy, H.R., Hoshi, T.and Toyokura, K. (edJs.) 

Seventh Symposium on Salt, Elsevier, Amsterdam, I, pp 83-92.

Spiers, C.J., Peach, C.J., Brzesowsky, R.H., Schutjens, P.M.T.M., Liezenberg, J.L. amd 

Zwart, H.J. (1989) Long term rheological and transport properties of diy and wvet 

salt rocks. Nuclear Science and Technology, EUR 10399 EN. Office for Offic:ial 

Publications of the European Communities, Luxembourg.

Spiers, C.J. and Schutjens, P.M.T.M. (1990) Densification of crystalline aggregattes 

by fluid phase diffusional creep. In: Barber, D.J. and Meredith, PG. (edîs.) 

Deformation processes In minerals, ceramics and rocks. Unwin Hymar, Londœn, 

pp. 334-353.

Spiers, C.J., Schutjens, P.M.T.M., Brzesowsky, R.H., Peach, C.J., Liezenberg, J.L. arnd 

Zwart, H.J. (1990) Experimental determination of constitutive parameters

406



governing creep of rocksalt by presssure solution. In: Knipe, R.J. and Rutter, 

E.H., Deformation mechanisms and rheoiogy, Geoiogicai Society Special 

Publication No.54, The Geoiogicai Society, London, pp 215-227.

Stiep, M. (1976) Die Druckbeansprucheng von elastischen und inelastischen Kugein 

bis Bruch. Unpublished Ph.D. thesis. University of Karlsruhe, Germany.

Taft, W.H. (1967) Physical chemistry of formation of carbonates. In: Chilingar, G.V., 

Bissell, H.J. and Fairbridge, R.W. (eds.) Carbonate rocks: origin, occurrence and 

classification. Elsevier, Amsterdam, pp 151-168.

Tan, T.S., Yong, K.Y., Leong, A.C. and Leee, S.L. (1990) Sedimentation of clayey 

slurry. Journal of Geotechnicai Engineering, 116, pp 885-898.

Taylor, D.W. (1942) Research on consolidation of days. Department of Civil and 

Sanitary Engineering, Massachussetts Institute of Technology.

Taylor, D.W. (1948) Fundamentals of soil mechanics, Chapman and Hall, London.

Terzaghi, K. (1925) Erdbaumechanik: auf bodenphysikalischer Grundlage, Franz 

Deuticke.

Terzaghi, K. (1936) The shearing resistance of saturated soils and the angle 

between the planes of shear. Proceedings of the 1®* International Conference on 

Soil Mechanics and Foundation Engineering, Cambridge, Massachusetts, 1, pp 

54-56.

Terzaghi, K. (1943) Theoretical soil mechanics, Wiley, New York.

Terzaghi, K. and Peck, R.B. (1948) Soil mechanics in engineering practice. Chapman 

and Hall, London, 566 p.

Thevanayagam, S. (1998) Effect of fines and confining stress on undrained shear 

strength of silty sands. Journai of Geotechnicai and Geoenvironmentai 

Engineering, 24, 6 , pp 479-491.

Thevanayagam, S., Ravishankar, K. and Mohan, S. (1997) Effects of fines on 

monotonie undrained shear strength of sandy soils. Geotechnicai Testing 

Journal, 20, 4, pp 394-406.

Uriel, S. and Serrano, A.A. (1973) Geotechnicai properties of two collapsible volcanic 

soils of low bulk density, at the site of two dams in the Canary Islands. 

Proceedings of the 8  ̂ Intemational Conference of Soil Mechanics and 

Foundation Engineering, Moscow, pp 251-264.

Vesic, A.S. and Clough, G.W. (1968) Behaviour of granular materials under high 

stresses. Journal of the Soil Mechanics Division, Proceedings of the American 

Society of Civil Engineering, 94, pp 661-687.

407



de Waal, J.A. (1986) On the rate-type compaction behaviour of a sandstone reservoir 

rock. Unpublished Ph.D. thesis, Delft University.

Watt, J.E. (1987) An experimental investigation of controls on carbonate diagenetic 

textures and mineralogy. Unpublished Ph.D. thesis. University of London.

Weibull, W. (1951) A statistical distribution function of wide applicability. Journal of 

Applied Mechanics, 18, pp 293-297.

Wethered, E. (1890) On the occurrence of the genus Girranella in oolitic rocks and 

remarks on oolitic structure. Quarterly Journal of the Geological Society London, 

46, pp 270-281.

Wetzel, A. (1990) Inter-relationships between porosity and other geotechnicai 

properties of slowly deposited, fine-grained marine surface sediments. Marine 

Geology, 92, pp 105-113.

Wong, R.C.K., Barr, W.E. and Kry, P.R. (1993) Stress-strain response of Cold Lake oil 

sands, Canadian Geotechnicai Journal, 30, pp 220-235.

Wong, T.F. (1990) Mechanical compaction and the brittle-ductile transition in porous 

sandstones. In: Knipe, R.J. and Rutter, E.H. (eds.). Deformation mechanisms, 

rheoiogy and tectonics. Geology Society Special Publication No. 54, pp 111- 

122.
Yassir, N.A. (1989) Mud volcanoes and the behaviour of over-pressured clays and 

silts. Unpublished Ph.D. thesis. University of London, 249 p.

Zeng, X., Wu, J. and Young, B. (1998) Influence of viscous fluids on properties of 

sand. Geotechnicai Testing Journal, 21,1, pp 45-51.

Zhang, J., Wong T-F. and Davis, D.M. (1990) Micromechanics of pressure-induced 

grain crushing in porous rocks. Journal of Geophysical Research, 95, Bl, pp 

314-352.

Zoback, M.D. and Byerlee, J.D (1976) Effect of high-pressure deformation on 

permeability of Ottawa sand. The American Association of Petroleum Geologists 

Bulletin, 60, 9, pp 1531-1542.

408



Appendix 1

Pore fluid specifications

A l . l  Simulated North Sea water

The simulated North Sea water (Leddra 1990) used for the experiments in this thesis 

was produced in the Geochemistry Laboratory at University College London. The 

chemistry is given below in Table A.1.1, along with the proportions of the dissolved 

solids and ions in ppm.

A1.2 Simulated rain water

The rain water used for experiments was formulated in the Geochemistry Laboratory at 

University College London. Nitric acid was added to de ionised water to form a solution 

of pH 5.5

A1.3 Inert hydrocarbon: Exxsol D60

This hydrocarbon, which is produced by Exxson Chemicals Ltd, is a clear colourless 

liquid belonging to the aliphatic hydrocarbon group. Table A .I.2 gives some of the 

physical and chemical properties.
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1 ' ............................... ... .........................

Component g/kg of solution Cation ppm

NaCI 22.6 Na+ 10,100

CaCl2.2H20 1.72 Câ + 468

MgCl2.6H20 11.2 1,340

NaHCOa 0.220 Sum 11,908

Na2S04 3.57 Anion ppm

H2O 961.0 HCO3 160

Total dissolved solids (ppm) 32,300 3 0 4 2 - 2,410

Total calculated chlorides (ppm) 20,300 Sum 2,570

Table A l.l:  Chemistry of the simulated North Sea water

'
Freezing/melting point <-20 0

Boiling point range 180 -217 C

Flashpoint >60 0

Auto-ignition temperature >200 0

Explosive limits (in air) 0.6 - 7.0 vol %

Vapour pressure (20°C) 0.04 kPa

Vapour pressure (38°C) 0.14 kPa

Vapour pressure (55 °C) 0.42 kPa

Density (15 °C) 0.787 gcm ̂

Vapour density (1013 kPa/air = 1) > 1.0 kPa

Solubility in water (20°C) < 0.10 wt %

Viscosity (25 °C) 1.64 cSt

Evaporation rate (n-Bu Acetate = 1) 0.040

Coefficient of thermal expansion (liq.) 0.00095°0

Percent volatility 100.0 %

Molecular weight 162

Table A1.2: Physical and chemical properties of Exxsol D60. (Courtesy of Exxson Chemicals Ltd.)
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Appendix 2

Data reduction

A2.1 Axial load

Although the use of a balanced ram minimises the corrections required, when 

calculating the true axial load {FJ applied to the sample, a further adjustment is 

needed to compensate for both the ram friction and the compliance of the load 

frame. These factors cause the ram to move initially at a lesser rate than selected. 

A small amount of applied load will overcome this by both stiffening the loading 

system and overcoming the ram friction. Therefore, the zero value for the axial load 

(Fq) can be taken at the point in time, in the dataset, where the measured ram 

displacement rate is equal to the set displacement rate. In summary, the true axial 

load is calculated such that:-

^A = -  ^0 (A2.1)

Where, F̂  is the true axial load, is the measured axial load and Fq is the zero 

value for axial load.

A2.2 Stress variables 

A2.2.1 Principal stresses

A triaxial cell is designed in such a way that there are in effect only two principal
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stresses operating on a sample (see Fig. 4.12). The geometry of the system 

dictates that the maximum principal stress (Oi) is also the vertical or axial stress. 

The intermediate and minimum principal stresses, Ogand O3 respectively, are 

equal and act horizontally upon the sample. Thus they can be considered as one 

and are equivalent to the confining pressure v/ithin the triaxial cell. In this study the 

horizontal or radial stress is referred to as O3.

The total axial stress (OjOra^), which the sample experiences, has two 

components. These are the deviatoric stress (q), which acts through the ram, and 

the confining pressure ( O 3 ) ,  which acts isotropically on the sample, such that:-

= q + G  ̂ (A2.2)

Where: is the total axial or vertical stress, q is the deviatoric stress and 03 is

the confining pressure. The confining pressure and deviatoric stress, applied 

through the ram, act upon the cross-sectional area of the sample. The confining 

pressure (03 ) is measured by the cell pressure transducer and values are recorded 

in megaPascals (MPa).

A2.2.2 Stress invariants

The deviatoric stress (Q), which acts through the loading ram, is calculated from the 

axial load {FJ. As this is a force, it can be converted to stress by dividing it with the 

area {A) upon which it is acting. Thus:-

q = ^  (A2.3)
A

Where, q is the axial stress (Pa), is the axial load (N) and A is the cross- 

sectional area of the sample (m )̂.

In this study, axial load is measured in kiloNewtons (kN) and all stress 

measurements are expressed in megaPascals (MPa). As one Pascal is equal to one 

Newton-metre-squared (IPa = INm^), a conversion factor needed to be applied to 

the data, such that:-
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q = 1000 X ^  (A2.4)
A

Where, q is axial stress (MPa), is the axial load (kN) and A is the cross- 

sectional area of sample (m )̂.

Mean stress (p) is calculated directly from the principal stresses using the 

equation:-

p = (A2.5)

For the triaxial system, where , this simplifies to:-

01+2(03 )
P =  ^  ’  (A2.6)

A2.2.3 Effective stresses

Effective stress is defined in Section 2.2.1 and is calculated from the data using 

the expression :-

o ' = o -  (/ (A2.7)

Where, o ' is the effective stress (MPa), o is the total stress (MPa) and u is the 

pore fluid pressure (MPa). This equation can be used for horizontal/radial or 

vertical/axial stresses because the pore pressure is the same for both, because it 

is equal in all directions. Thus:-

Axial or vertical effective stress is: o^ = o^ -  u (A2.8)

Radial or horizontal effective stress is: O3 =g ^ -u (A2.9)

From this, mean effective stress (p’) simply becomes:-

o i+ 2 (o^)
p' = (A2.10)
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The pore fluid pressure (u) Is measured In megaPascals with readings taken from 

the pore pressure transducer, such that:-

u = u^ - U q (A2.11)

Where, u Is the actual pore pressure, Is the measured pore pressure and Uq Is 

the zero value of the pore pressure transducer at rest.

A2.3 Strain variables

The strain of the sample during deformation Is determined by measuring the 

changes In Its dimensions. This Is achieved using the axial displacement transducer 

and the radial strain belt. These measurements can be used to calculate the axial 

strain and radial strain respectively. For this study, compressive strain Is considered 

positive and dilative or tensile strain Is considered negative.

A2.3.1 Initial porosity

In order to assess the strain behaviour of oolitic sands. It Is Important to establish 

the Initial porosity of each sample, as porosity Is known to affect the compresslbllty 

of sediments (see Section 3.3.2).

The Initial bulk porosity (O,) Is calculated as follows:-

<D, = (/j./4Xm,pJ (A2.12)

Where, h Is the height of the sample, A Is the cross-sectional area of the sample, 

m. Is the mass of the oolds and p. Is the density of the oolds (taken as 2.94 

g/cm^, the value for aragonite).

A2.3.2 Radial strain

The radial strain Is defined as:-
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Ar
8p = —  (A2.13)

Where, 8r is the radial strain, Ar is the change In radius (mm) and is the 

original radial magnitude (mm). As the strain belt used for this study measures 

changes in diameter of the sample, this equation (A2.13) can be adjusted for 

diametric measurements

AD
= —  (A2.14)

Where, 8r is the radial strain, AD is the measured change in diameter (mm) and 

Dq is the original diameter of the sample (mm).

A2.3.3 Axial strain

The axial strain is defined as:-

Al
8a = - — (A2.15)

'o

Where, 8a is the axial strain, AI is the change in length (mm) and Iq is the original 

sample length (mm). With:-

A i -  x - X q (A2.16)

Where, x is the displacement reading of the axial LVDT and Xq is the zero value of 

the LVDT, taken when the sample first comes in contact with the loading ram.

A2.3.4 Vciume strain

The volume strain of the sample can normally be determined using the volume 

gauge data, assuming no change in grain volume. This measures volumes of fluid
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expelled from the sample and, hence, the volume change of the sample. However, 

during the course of the experimental programme, this data was found inconsistent 

due to minute fluid losses within the pore fluid drainage system. Therefore, this 

dataset was disregarded for this study.

However, volume strain can also be estimated from the axial and radial strain 

measurements of a sample using the equation (e.g. Atkinson and Bransby, 1978):-

8v = | l  -  ( l  -  8^ )(l -  8r) j (A2.17)
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Appendix 3

Point count data 
for the creep experiments

A3.1 Introduction

This appendix presents point counts of defonnation textures found in samples which 

have undergone uniaxial Kq compression followed by constant stress creep 

deformation at axial effective stresses of 7, 32 and 60 MPa. The deformation 

textures counted are as described in Sections 1.2 and 5.6.

It should be noted that there is a large amount of missing data. This is because 

several samples collapsed on removal from the compaction apparatus post

deformation. Hence, these samples were not prepared for microstructural analysis.

A3.2 Point count data

The quantity and type of grain fractures following creep deformation are shown in 

Figures A3.1(a) to A3.3(a). These figures show the effect of stress magnitude and 

variation in pore fluid type for samples of Sadiyat Delta ooids (425 pm), Sadiyat 

Island ooids (300 pm) and Ai Bahrani Delta ooids (212 pm). Similarly, the quantity 

and type of grain contacts are shown in Figures A3.1(b) to A3.3(b).

Figures A3.4 to A3.6 show the effect of grain size on the quantities and types of (a) 

grain breakages and (b) grain contacts for each of the oolitic sand types.
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Fig. A3.1; Bar charts comparing the proportions of different types of (a) grain breakages and (b) grain contacts for Sadiyat Delta ooid samples, of grain size 425 pm, saturated in 
inert hydrocarbon (H), rain water (R) and seawater (8) . Samples of have undergone uniaxial compression in the oedometric cell, to 7, 32 or 60 MPa axial effective stress (0 ’̂), as 
indicated, and then undergone creep deformation at constant axial effective stress. Post-deformation, samples have been impregnated with resin and thin-sectioned parallel to the 
direction of the applied stress. Point counts, of 300 ooids per thin-section, give the proportions of (a) grain breakage modes: spalled; split; diagonally fractured; buckled ooids and 
(b) grain contact types: point; concavo-convex; longitudinal; crushed; indented, (t = duration of experiment; d = grain diameter).
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Fig. A3.2: Bar charts comparing the proportions of different types of (a) grain breakages and (b) grain contacts for Sadiyat Island ooid samples, of grain size 300 pm, saturated in 
inert hydrocarbon (H), rain water (R) and seawater (S) . Samples of have undergone uniaxial compression in the oedometric cell, to 7, 32 or 60 MPa axial effective stress as 
indicated, and then undergone creep deformation at constant axial effective stress. Post-deformation, samples have been impregnated with resin and thin-sectioned parallel to the 
direction of the applied stress. Point counts, of 300 ooids per thin-section, give the proportions of (a) grain breakage modes: spalled; split; diagonally fractured; buckled ooids and 
(b) grain contact types: point; concavo-convex; longitudinal; crushed; indented, (t = duration of experiment).
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Fig. A3.3; Bar charts comparing the proportions of different types of (a) grain breakages and (b) grain contacts for AI Bahrani Delta ooid samples, of grain size 212 |o.m, saturated in 
inert hydrocarbon (H), rain water (R) and seawater (S) . Samples of have undergone uniaxial compression in the oedometric cell, to 7, 32 or 60 MPa axial effective stress (a ’̂), as 
indicated, and then undergone creep deformation at constant axial effective stress. Post-deformation, samples have been impregnated with resin and thin-sectioned parallel to the 
direction of the applied stress. Point counts, of 300 ooids per thin-section, give the proportions of (a) grain breakage modes: spalled; split; diagonally fractured; buckled ooids and 
(b) grain contact types; point; concavo-convex; longitudinal; crushed; indented, (t = duration of experiment).
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Fig. A3.4: Bar charts comparing the proportions of different types of (a) grain breakages and (b) grain contacts for samples of AI Bahrani Delta ooids (212 ^m), Sadiyat Island ooids 
(300 pm) and Sadiyat Delta ooids (425 pm), saturated in inert hydrocarbon (H). Samples have undergone uniaxial compression in the oedometric cell, to 7, 32 or 60 MPa axial 
effective stress (o '̂), as indicated, and then undergone creep deformation at constant axial effective stress. Post-deformation, samples have been impregnated with resin and thin- 
sectioned parallel to the direction of the applied stress. Point counts, of 300 ooids per thin-section, give the proportions of (a) grain breakage modes: spalled; split; diagonally 
fractured; buckled ooids and (b) grain contact types; point; concavoconvex; longitudinal; crushed; indented, (t = duration of experiment).
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Fig. A3.5: Bar charts comparing the proportions of different types of (a) grain breakages and (b) grain contacts for samples of A! Bahrani Delta ooids (212 pm), Sadiyat Island ooids 
(300 pm) and Sadiyat Delta ooids (425 pm), saturated in simulated rain water (R). Samples have undergone uniaxial compression in the oedometric cell, to 7, 32 or 60 MPa axial 
effective stress (<?*'), as indicated, and then undergone creep deformation at constant axial effective stress. Post-deformation, samples have been impregnated with resin and thin- 
sectioned parallel to the direction of the applied stress. Point counts, of 300 ooids per thin-section, give the proportions of (a) grain breakage modes: spalled; split; diagonally 
fractured; buckled ooids and (b) grain contact types: point; concavo-convex; longitudinal; crushed; indented, (t = duration of experiment).
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Fig. A3.6: Bar charts comparing the proportions of different types of (a) grain breakages and (b) grain contacts for samples of AI Bahrani Delta ooids (212 pm), Sadiyat Island ooids 
(300 pm) and Sadiyat Delta ooids (425 pm), saturated in simulated seawater (S). Samples have undergone uniaxial compression in the oedometric cell, to 7, 32 or 60 MPa axial 
effective stress (o '̂), as indicated, and then undergone creep deformation at constant axial effective stress. Post-deformation, samples have been impregnated with resin and thin- 
sectioned parallel to the direction of the applied stress. Point counts, of 300 ooids per thin-section, give the proportions of (a) grain breakage modes: spalled; split; diagonally 
fractured; buckled ooids and (b) grain contact types: point; concavo-convex; longitudinal; crushed; indented, (t = duration of experiment).


