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Abstract 

This thesis examines the mechanical behaviour of dense (dilative) sand. The dense sand 

was tested under high pressure conditions (80 MPa in one dimensional compression and a 

confining pressure of 7.2 MPa in triaxial testing) and high ternperatures (up to 100°C). 

The behaviour of the dilative sand could be successfirlly described by using elastic plastic 

concepts. 

The triaxial testing program used modified equipment fiom the University of lManitoba9s 

Soi1 Mechanics Laboratory (larger specimen sizes). The testing methodology followed 

typical drained triaxial testing methods, but the temperatures and pressures at which the 

tests were performed where much higher than typical. The 1-D compression testing was 

performed in a newly designed and constmcted test apparatus. 

The elastic-plastic model Cam Clay was able to capture many of the aspects of the 

diIative sands behaviour, modifications to the base model were necessary to account for 

particle breakage at high stress levels and variations in shear st if iess with shear strain. 

The normal compression line of sand is considered to be defined in the grain crushing 

region. The isotropic compression testing performed did not reach stress levels high 

enough to induce grain crushing. A new equation was developed to describe the isotropic 

conpression behaviour of sand prior to reaching the normal compression line. 

Triaxial testing was performed at three different temperatures to determine the effect of 

temperature. No consistent effect of temperature was encountered in either isotropic 

compression or triaxial shear. 
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Chapter 1 Introduction 

The Canadian concept for disposal of radioactive nuclear fuel waste involves burial of the 

waste in the plutonic rock of the Canadian Shield at a depth of 500 m to 1,000 m. The 

radioactive waste will be contained in long-lasting metal containers, packed with granular 

particulate and surrounded by a low-permeability barrier. Figure 1.1 shows a possible 

container design developed by Atomic Energy of Canada Limited (AECL). The low- 

permeability bmier will be a sand-bentonite mixture known as buffer. Considerable 

work has been performed at the University of Manitoba and other laboratories to 

characterize buffer behaviour. The behaviour of the particulate inside the container has 

received much less attention. 

Expected conditions in the proposed disposa1 area include: temperatures up to 100°C 

caused by radioactive decay of waste material, and pressures up to 13 MPa consisting of 

3 MPa swelling pressure from the buffer and up to 10 MPa due to hydrostatic pressure 

from groundwater. The pressure fiom the groundwater and buffer will act on the metal 

container walls and will be transferred, in part, to the packed particulate inside. 

Consequently tests were conducted on candidate sand at both high temperatures and 

pressures. 

To predict the performance of the disposa1 scheme, AECL requires models which can 

predict behaviour of al1 components of the scheme (rock, buffer, metal canister and 



packed particulate) under the temperatures and pressures expected in a repository. AECL 

has developed criteria to descnbe the required performance of the particulate in a packed- 

particulate container system, (Teper 1980). This thesis report focuses on developing a 

framework to model the particdates which AECL has identified as acceptable according 

to these criteria (Teper 1980). 

To model the reaction of the packed particulate container in difEerent expcted scenarios, 

a constitutive model is required which c m  predict the strain response to varying 

pressures. Elastic-plastic models are powerful descriptors of soil behaviour and sand, in 

part, can be treated as an elastic-plastic matexid (Wood 1990). To descnbe sand for 

modeling purposes, it is necessary to define the material properties required by a suitable 

elastic-plastic model. This c m  be accomplished through careful testing which was the 

principal purpose of the research project. 

This thesis report demonstrates that dense sand tested under high stress and high 

temperature can be effectively modeled using an elastic-plastic soil model. The elastic- 

plastic model, Cam Clay was used to model the test results, though some modifications to 

the basic model were introduced to more effectively predict dense sand behaviour. 

A testing prograrn was undertaken at the University of Manitoba to characterize the 

mechanical behaviour of three sands identified by AECL as a likely candidate particulate. 

The three sands consisted of two different gradations of a silica sand and 1 mm diameter 

glass beads. The materials were supplied to the author by AECL. Al1 specimens tesied 

2 



were air dry. One-dimensional (1 -D) compression tests were completed to determine 

some aspects of the elastic-plastic behaviour at stresses (80 MPa) higher than could be 

achieved in the existing triaxiai cells. Triaxial compression tests were completed to 

determine strength and deformation properties of the sand at confïning pressures up to 7 

MPa. TnaxiaI and 1-D testing were performed at temperatures of 27"C, 65°C and 100°C. 

Existing equipment at the University of Manitoba iaboratories was used where possible, 

though a significant axnount of new equipment was designed by the author and 

manufactured for the testing program. The new equipment included: a new mold for 

making butyl rubber membranes, a membrane stretcher, a new pedestal and top cap for 

the triaxial cell, new instrumentation for measurement of deformation of specimens in the 

triaxial cell and a new one dimensional compression cell. Existing loading frames were 

used for compression of the specimens in one dimensional testing and triaxial testing. 

This thesis report examines existing Iiterature on the behaviour anci elastic-plastic 

modeling of sand, outlines the experirnental equipment and procedures used, reports test 

results, and reports conclusions based on the testing program. 



Chapter 2 Literature Review 

2.1 Introduction 

As soils can cary much more compressive strain than tensile strain, compressive stresses 

and strains are normally considered as positive in geotechnical engineering. Engineering 

stress and strain are used throughout this thesis report. The major, intermediate and 

minor principal stresses are noted by ai, oz and 03, respectively. The strains 

corresponding to these principai stresses are si, €2  and ~ 3 .  The testing program was 

conducted on air dry sand. Therefore, al1 stresses are effective stresses and the normal 

symbol for effective stress (') has been omitted for simplicity and clarity. 

Two types of tests were perfonned as part of the thesis project: one-dimensional 

compression and drained triaxial compression. These tests each imposed different stress 

and strain conditions on the soil. 

The one-dimensional compression test restricts the ~t and ~3 strains to zero. Axial stress, 

o, (ai) is applied to the top of the specimen which results in axial deformation E, (cl). 

The addition of axial stress, causes lateral stress to develop in the specimen since the 

lateral strain is restricted to zero. Radial stresses, a, (or = 0 2  = 03) are generally not 

measured in 1 -JI tests. 



The triaxial compression test allows independent application of axial stïess, a, = al, the 

major principal stress and radial stress or ce11 pressure, Or (a2=cr3=03. These two 

independently controlled stresses can be combined into a mean stress tending to cause 

volume strain, p = (O, + 2ur)/3; and a deviator stress tending to cause shear strain, q = o, 

- cr,. Axial strain, radiai strain and volume strain of the specimen can be measured 

separately. Strains corresponding to the p stress component and the q stress component 

are, respectively: volume strain E, = E, + 2&, and shear strain s = 2/3(~,  - EJ. The p-eV and 

q - ~ ~  stress-strain spaces are the standard choice used in elastic plastic soi1 mechanics 

formulations (Wood 1990). 

2.2 Introduction to Elastic-Plastic Soil Mechanics (EPSM) 

The fundamental assumption of EPSM is that strains can be separated into two 

components, a recoverable elastic strain component and an irrecoverable plastic strain 

component. In notation form this is written as E, = cVC f sVP for volume strain and, 

similarly, for shear strain as E, = E: + sSP. 

An EPSM mode1 consists of five main components: elastic parameters, a yield surface, a 

flow rule, a strength law and a hardening law. The yield surface separates regions of 

elastic behaviour described by elastic parameters fiom regions of plastic behaviûur 

described by the flow rule and hardening law. 



An EPSM model predicts only elastic strains when applied stresses are less than stresses 

on the yield surface. if an applied stress is greater than the current yield surface, 

predicted strains will have both elastic and plastic components. Depending on the stress 

vector, plastic strain components are generally larger than corresponding elastic 

components. Development of plastic straining (plastic strains have both a volumetric and 

shear strain component) in response to stresses in excess of the current yield surface is 

controlled by the flow rule. The plastic hardening law describes how the yield surface 

changes in response to plastic strains. Combinations of mean and shear stress acting on 

the soil c m  not be greater than the current yield surface. When a combination of stresses 

greater than the yield surface is applied, plastic strains develop in response to this stress 
C 

and enlarge the yield surface to include the current stress state. Such models are 

comrnonly called "volumetric hardening elastic plastic models." The strength law 

describes stress States at which the material fails in shear. 

The original elastic plastic soil model for soil was Cam Clay, which was devrloped at 

Cambridge University in the United Kingdom. One of the major features of Cam Clay is 

the existence of a condition called cntical state which defines the strength law. Critical 

state is a unique condition at high strains where porewater pressure, volume strain, mean 

stress and deviator stress do not change with continued changes in shear strain. The 

concept of critical state and an elastic plastic formulation were used as the basis of the 

Cam Clay model (Roscoe, Schofield and Wroth 1958, Schofield and Wroth 1968 and 

Roscoe and Burland 1968). 



Modifications to the original formulations of Cam Clay have been made in order to better 

model the observed behaviour soils. The modifications have created a family of critical 

state soi1 mechanics (CSSM) models, with the Cam Clay formulation being the b a i s  of 

most these models. 

One of the conditions required in the CSSM family of models is the existence of a unique 

relationship between applied mean stress and specific volume in isotropic compression, a 

so called normal compression line. While this has been observed for clays, such a 

relationship was not found for sands in the typical geotechnical stress range (Been, 

Jefferies and Hachey 1991, Konrad and Pouliot 1997). Such a relationship has been 

obsewed for weak grained sand (Coop 1990) and for al1 sands at high stress levels. 

The critical state does exist in sands (Chu 1995) and was used as the basis for NOR Sand 

(Jefferies 1993, Jefferies and Been 1992) which describes shearing behaviour of sand 

based on the relationship of the cunent state to the critical state line. More details of 

these models are given in following sections. 

2.3 Cam Clay 

The CSSM model nonnally used as the baseline model for definition of parameters and 

concepts is rnodified Cam Clay (Roscoe and Burland 1968, Wood 1990). Figure 2.1 



illustrates the features of the Cam Clay model. A complete description of the equations 

relating stresses and strains in the Cam Clay model c m  be found in Wood (1990). This 

model includes the following assumptions/features as seen in Figure 2.1. 

1. Elasticity is isotropic and defined by straight lines of slope K in V- Zn p space, 

V = V, + d n p ;  

2. Yield loci are elliptical, plp, = M? ( M ~ + ~ ~ ) ;  

3. VoIumetric hardening is defined by straight lines of slope h in V versus In p graphs, 

V = Vit + hlnp; 

4. Large strain failure (critical state) is controlled by a Coulomb-Mohr failure criterion 

with slope M = q, / p, in q versus p plots and by a straight line in V versus Zn p plots; 

V, = r + ?&p, and; 

5. The flow nile is associated, the plastic potential is coincident with yield loci and 

given by D = M ~ - ~ ~  / 21. 

The Cam Clay equation which relates the change in elastic volume stress to the change in 

mean stress is 88; = K / Vp &p. Similarly the equation 6 ~ 2  = 6q / 3G relates elastic 

changes in shear strain to the change in shear stress, the model assumes constant values 

of the shear modulus G. These equations describe isotropic elasticity, that is, changes in 

mean stress does not contribute to shear strain, and shear stress changes do not contribute 

to volume strain. 



The equation in Cam Clay which relates the change in plastic volume strain to changes in 

rnean stress and shear stress is: 

Similarly the equation: 

relates plastic change in shear strain to the change in mean stress and shear stress. These 

equations (from Wood 1990) only operate when plastic strains are occurring. 

The Cam Clay model was the first soil model to successfully link strength and volume 

change. It is broadly acceptable for clays and less so for sands. The reasons for this are 

expanded in later sections of this report. The CSSM family remains one of the few 

~videly accessible soil models which link elastic and plastic behaviour. 

Modifications to the original Cam Clay model are discussed in later sections. The 

modifications have been made to match more closely the observed behaviour of sand. 



2.4 Nor Sand 

Critical state model formulations have not been widely used or accepted to describe the 

behaviour of sand. This is despite its linking of elastic and plastic behaviour and the 

linking of strength and deformation properties. Sand has been considered "easy" to 

design for, since under most working Ioads sand can be considered elastic, or in other 

situations completely plastic. Simple models which oniy take into account the parameter 

considered most critical, have been successfd for the most part. This, combined with 

CSSM's failure to reproduce strain softening afier peak strength and dilation of dense 

sands (most natural sands are dense) means that models of the Cam Clay type have not 

been used for sands to any great extent. 

The Nor-Sand model (Jefferies and Been 1992, Jefferies 1993) is part of the general 

CSSM farnily, whose main characteristics are the critical state iine and the linking of 

strength and volume change. It differs in two main ways from Cam Clay: it uses a rate- 

based state parameter, instead of void ratio to size the current yield surface and it 

allows an infinite nurnber of normal compression lines. A complete description of the 

equations relating stresses and strains in the Nor-Sand model can be found in Jefferies 

and Been (1992). 

The bais of the Nor-Sand model is the so called 'state parameter'. State parameter can 

be successfully correlated to many other parameters and used to descnbe sand behaviour 



tested in a variety of different loading scenarios (Been and Jefferiesl985). The state 

parameter, y as shown in Figure 2.2 relates the distance of the current specific volume of 

smd to the equivalent specific voiwne at the same mean stress on the cntical state line. 

Also shown in Figure 2.2 is the overconsolidation ratio, R which is the ratio of past 

highest stress to current stress. 

Nor-Sand has been shown to effectively model the behaviour of sand stressed in a variety 

of loading conditions once the soi1 parameters are established (Jefferies and Been, 1992 

and Been, Jeffenes and Hachey, 1992). The critical state line was established using 

drained and undrained tests on dense sand. The model parameters could then be 

established fiom one m e r  undrained test on a loose sand specimen. The model was 

used to predict both liquefaction of a very loose sand in an undrained test and reversai of 

curvature in the stress path for a dense sand in an undrained test. 

2.5 Review of Sand Behaviour 

Sand, when subjected to shear stress, can be classified as having one of two broad types 

of behaviour: loose (compressive) or dense (dilative). The typical shearing behaviour of 

dense sand (1) and loose sand (3) is shown in Figure 2.3. A dense sand reaches a distinct 

peak strength with increases in strain. After peak resistance the arnount of deviator 

(shear) stress which can be supported decreases with increasing strain. With the 

exception of a small amount of initial compression, throughout shear straining of dense 



sand, the total volume increases. This is known as dilatancy. A loose sand generally 

does not have a distinct peak strength and deformations are larger compared with the 

sarne stress applied to a dense sand. A loose sand will contract or maintain the same 

volume when sheared. Most natural sands are dense in the normal range of working 

stresses (Sladen 1992). When applied stresses are below the peak strength, small 

deformations result. 

When sands are sheared with large values of confining stress applied to the specimen the 

behaviour changes (Lee and Seed, 1967, Vesic and Clough, 1968, Lo and Roy, 1973). 

Loose specimens at hi& stress have the same generally compressive behaviour as at 

lower stresses but the ratio of peak strength over confining stress (do.) is reduced. Also 

the specimens are more contractive than at lower values of confining stress. Dense 

specimens expenence greater changes. At high pressures the sand which would behave 

as a "dense" (expansive) sand now behaves as "loose" (contractive). There is no distinct 

peak, and volume change is contractive. This is shown in Figure 2.4, where the initial 

densities of the specimens were the same, the only difference being the ce11 pressure at 

which shearing took place (the ratio do, is here represented by al/a3). In this way, the 

behaviour of sand depends on both the density and the level of stress applied to the sand. 

The strength of the CSSM approach is that it couples volume change with strength. Thus, 

it would appear necessary that a successfd CSSM approach should be able to bring 

together the current stress level and density to predict shearing behaviour. 



In the high pressure testing performed in this project, it was noted that sand particles 

experienced grain crushing as in hi& pressure testhg performed by other researchen 

(Vesic and Clough 1968). The amount of grain crushing depended on the type of test and 

sand grain characteristics. Literature on grain crushing is summarized in Section 2.8. 

2.6 Sand Behaviour: A Critical State Approach 

This section summarizes sand behaviour as measured in the laboratory and shows how 

this behaviour fits into a critical state framework. Because of its relationship to the needs 

of AECL, the testing program performed in the laboratory phase of this thesis concerned 

itself with dry sand near maximum density. Tests were performed in either 1-D 

compression or in drained triaxial compression. The two models described earlier and the 

behaviour summarized in this section a11 discuss drained and undrained behaviour of 

loose and dense sand. 

2.6.1 CriticaI State 

Critical state soi1 mechanics depends on the existence of a unique cntical state line, CSL, 

in p-q space. Critical state is defined as a condition where: 6p / 6eS = 6q / 6cS = 6 ~ ,  6cs = 

6u / 8~~ = O. Although the original seed for the critical state concept came fiom shear 

testing of sand (Casagrande 1936), the existence of a unique criticai state line for sands 

has been strongly contested. 



Research on critical States in sand has followed two paths: drained testing and undrained 

testing. Undrained testing of loose sands during liquefaction led to the term 'steady state' 

(Poulos 1981) and to the state parameter described in Figure 2.2. Testing showed that a 

unique relationship, termed steady state line (SSL) existed between voids ratio and mean 

stress existed at large strain failure in the order of 10%. Researchers testing drained sand 

used the term 'critical state'. Testing dense sand at pressures in the range of 10 kPa to 

about 500 kPa found a unique line (CSL) relating voids ratio and mean stress at large 

strain failure. Drained testing of dense sand is not a very successful procedure for 

defining the CSL (Chu 1995), because of one or more shear bands may develop when 

shearing. The exception is when high stress levels inhibit dilatancy. It appeared that the 

drained and undrained testing did not lead to a unique relationship between voids ratio 

and mean stress, but to two (Casagrande 1975). The two lines were termed the S-line for 

drained testing and the F-line for undrained testing. 

Through carehil testing, the SSL and the CSL have since been shown to be the same 

condition, and are independent of the stress path followed to reach this state (Been et al. 

199 1, Chu 1995, Konrad 1997). Researchers have performed tests through large stress 

ranges on both dense and loose sand in drained and undrained tests. Al1 the tests corne to 

a single unique line at critical state, but the unique line is bilinear, as shown in Figure 2.5. 

The bilinear nature of the CSL is due to grain crushing at high stress (Been et al 1991, 

Konrad 1996). In general, for clean quartz sand, the slope of the CSL changes in voids 



ratio-log mean stress space in the range of O S  MPa to 1 MPa (Ishihara 1993). Testing on 

weaker carbonate sands has shown the change to occur at about 180 kPa (Coop 1990). 

Jefferies and Been assumed the existence of a unique CSL, and used Nor-sand to predict 

end-of-test results for 20% axial strain (the usual limit in a triaxial test). This resulted in 

two distinct lines shown in Figure 2.6: the S-line fiom drained tests and the F-line from 

undrained tests. 

Recently, the uniqueness and bilinear nature of the CSL have become accepted by the 

majority of researchers (Ishihara 1993 and Robertson and Fear 1995). Neither Nor-sand 

or Cam Clay currsntly allow a bilinear CSL of the type shown in Figure 2.5 even though 

the experimental evidence is strong. 

2.6.2 isotropic Compression 

The isotropic compression test is used to determine three of the five Cam Clay 

parameters: A, K and p,. If the normal compression line, NCL, does not exist for sands, 

the Cam Clay mode1 is of doubthl value for sands. From previous paragraphs it wiIl be 

remernbered that the non-uniqueness of normal compression lines for sand has led to the 

establishment of Nor-sand, which allows for an infinite number of normal compression 

lines. 



Isotropic compression testing to pressures of up to about 1 MPa, as shown in Figure 2.7, 

have shown the non-uniqueness of the NCL (Sladen and Oswell 1985 and Konrad and 

Pouliot 1997). Isotropic compression tests show that NCL's are unique for different 

initial voids ratios, and that their dope varies with initial voids ratio. 

Figure 2.8 shows the results of testing sand in isotropic compression in tests up to a stress 

of 10 MPa (Lee and Seed 1967). For stresses below 1 MPa, the results for different 

densities are distinct and depend on the initial voids ratio. At higher stresses, al1 isotropic 

compression test results converge so that at the highest stress applied, the voids ratio 

varies only slightly, regardless of initial voids ratio. It was noted that t h e  dependent 

volume changes occurred when the ce11 pressure \vas applied. 

Isotropic compression testing of carbonate sand to ce11 pressures of up to 8 MPa, shown 

in Figure 2.9a, produced a unique NCL (Coop 1990, Coop and Lee 1993). The NCL was 

considered to be a manifestation of grain crushing. A stress level of about 1 MPa to 

2 MPa was required to bring the isotropically compressed specimens to this unique NCL. 

Loose specimens reached the NCL at lower stresses than dense specimens. It was also 

concluded that the slope of the unload reload line, K, was about the same as the slope of 

the initial loading. Prior to reaching a mean stress of about 1 MPa, the isotropic 

compression iines were distinct and they varied with initial voids ratio, as shown in 

Figure 2.7. 



One dimensional compression testing results on carbonate sand (Coop 1990), shown in 

Figure 2.9 b, have been plotted alongside the interpreted NCL fiom isotropie compression 

testing. The slope of the two compression lines are similar dter the initiation of particle 

breakage, which occurred at a lower value of mean stress. Prior to the initiation of 

particle breakage, the 1 -D results were distinct and varïed with initial voids ratio. 

2.6.3 Pre-Failure Stress-Strain Relationships 

The pre-failure, or small strain behaviour has received increasing attention as deformation 

predictions become a critical element in design (Simpson et al. 1979, Burland 1989, 

Simpson 1992). The recognition that traditional elastic solutions could not predict 

measured movements (Simpson et al 1979) led researchers to focus on soi1 behaviour at 

smalI strains. Measurements of field data (Jardine et al 1986) and laboratory data 

(Burland 1989) showed that shear stiffness was a fûnction of shear strain. 

The shear stiffness, G, of sand depends on four factors: shear strain, confining pressure 

(Iwasaki et al. 1978), initial voids ratio (Iwasaki et al. 1978, Porovic and Jardine 1993) 

and stress history (Coop and Lee 1993). The stiffness of sand reduces with increasing 

shear strain (Iwasaki et al. 1978), as shown in Figure 2.10. Increasing initial voids ratio 

from loose (Dr=18%) to dense (Dr=70%) increased the value of initial G by 30% 

(Porovic and Jardine 1994), s h o w  in Figure 2.1 1. Increasing the applied ce11 pressure 

with the initial voids ratio being constant increased the initial value of G, as shown in 



Figure 2.12. When specimens were isotopically or one-dimensionally compressed and 

then unloaded, the measured initial G at the beginning of reloading was greater than if the 

specimen had not been d o a d e d ,  see Section 2.6.6 and Figure 2.19. 

In addition to this variable shear modulus, carefùl testing of sands showed that shearing 

behaviour was not completely elastic (Duncan and Chang 1970, shown in Figure 2.13). 

The unload-reload cycle does not follow the original loading path. Applied shear stresses 

of only a few kPa have been shown to produce incompletely recoverable behaviour 

(Atkinson 1993). 

Two main approaches have been used to mode1 the pre-failure deformation of soils: non- 

Iinear elasticity (Duncan and Chang 1970, Jardine et al 1986) and rnulti-cap elastic plastic 

models (Al Tabba and Wood 1989, Stailebrass et al. 1994). 

The non-linear elastic approach uses a variable shear stiffness throughout the range of 

stresses to be applied. One approach is to fit the stress strain c w e  with a power law 

(Duncan and Chang 1970), which defines the elasticity up to peak stress. Another 

approach is to fit the shear modulus versus shear strain curve with a multi-parameter 

equation (Jardine et al. 1986) which defines the elasticity fiom zero shear to peak stress. 

The multi-cap elastic plastic approach fits an inner "true" elastic boundary surface within 

the existing boundary surface of Cam Clay. The size of the inner cap is related to the 

stress conditions and the size of the Cam Clay yield surface. The inner cap contains al1 
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perfectly Iinear elastic behaviour. Once this boundary is reached, the behaviour 

transitions to plastic behaviour on the Cam Clay yield surface. Rather than varying the 

elasticity, another approach is to allow some plastic strains to occur within the Cam Clay 

'elastic' zone @aMias and Hemnann 1980). The amount o f  plastic strain which occurs 

within the Cam Clay yield surface depends on the closeness of the stress path to the yield 

surface. 

2.6.4 Peak Strength and Dilatancy 

The peak strength of sand includes three components (Lee and Seed 1967, as shown in 

Figure 2.14): mineral fiction, grain crushing and dilatancy. The peak shear strength of 

loose sands at low mean pressures is slightly higher than the mineral fiction. Peak 

failure strength is in this case equal to the critical state strength. In contrast, dense sand 

tested at low mean pressures has a peak strength greater than the critical state strength. 

This is caused by dilatancy. As described in Section 2.5, dense sand becomes contractive 

and acts as loose sand at high values of mean stress. Put another way, at some value of 

mean stress, diiatancy is negated. Grain crushing is described in Section 2.8. It  becomes 

a larger component of the peak strength as the mean pressure increases. 

Methods to calculate the effect of dilatancy, or volume increase upon shearing, are based 

on measured volume changes with shear. The dilatancy equation fiom the Cam Clay 

work hypothesis (Roscoe and Burland 1958) is (q/p) = M - (d~Jde,). An equation 



relating dilatancy measured in a drained triaxial compression test was developed by Rowe 

(1962), it takes the form @Jar) = K (1-(d~dds,). For tests with constant stress ratio qlp, 

or constant strain ratio d~Jd&, tests, the dilatancy equation takes the form, 

(q/p) = N ( 1 - 113 (ds,/d~.)) (Chu 1993). The equation is valid for the dilatancy range - 

0.54ÿd~,lde,)<l. The parameter N is a matenal property. Cornparison of these three 

dilatancy rules is shown in Figure 2.15, where each equation predicts a different stress 

ratio ai/03 for the same diiatancy level. Two of these equations, (1) and (3), in Figure 

2.15 were developed for specific test conditions and are not valid for the other test 

condition. 

The state parameter can be used to predict both the peak stress ratio and dilatancy at 

failure (Been and Jefferies 1985, Wood 1990). Comparisons of the state parameter 

measured prior to the start-of-shearing with dilation rates at failure, are shown in Figure 

2.16 Comparisons of the state parameter measured pior  to start of shear to peak shearing 

angle, 0, are shown in Figure 2.17. Nonnalization of the state parameter to the achievable 

voids ratio of sand has been suggested (Wood 1990, Konrad 1996) to allow cornparison 

between different sands. The normalized state parameter takes the form (e - e, 1 e,, - 

ernin) 

One consequence of the critical state condition being at zero dilation, is that the phase 

transformation in dense sand, which instantaneously has zero dilation, has the same stress 

ratio q 1 p as critical state (Coop 1990, Atkinson 1993). 



2.6.5 Plastic Deformations, Yield Surface 

In the Cam Clay model, the yieId surface and the plastic potential are coincident, and the 

plastic flow is said to be associated. The shape of the yield surface and associated flow is 

difficult to confirm for sand (Wood 1990). Yielding in isotropic compression for sand is 

difficult to interpret, due to the non-unique nature of a isotopic compression lines which 

depend on initial voids ratio. Yield surfaces in shear, shown in Figure 2.18, indicate the 

yield surface is approximately shaped Iike a Cam Clay ellipse, although evidence is 

Iimited. Equations and formulations of sand with a non-associated plastic flow have also 

been presented. One formulation has the yield surface as a rotated distorted ellipse 

centered on the Ko line, (converted to qo in p - q space) and the plastic potential as 

another rotated distorted ellipse centered on the q-, / 2 line (Davies and Newson 1993). 

2.6.6 Overconsolidation of Sands 

The initial definition of state parameter \vas measured as the difference between the 

current voids ratio along the isotropic consolidation line and the voids ratio of the CSL at 

1 Wa (Been and Jefferïes 1985). Due to the non-linearity of the CSL through a large 

stress range, and an apparently infinite number of NCL's with differing slopes, the state 

parameter's definition has since been changed. Currently the state parameter is defined as 

the difference between the current voids ratio and the voids ratio on the CSL at the 
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current pressure. The original definition of state parameter included the lem, R, which 

was defined based on current pressure compared to the past highest pressure on the NCL. 

The parameter R, was intended to handle the effects of overconsolidation, shown in 

Figure 2.2. 

Testing of sand to determine the smdl strain stiffness has shown that specimens that are 

isotropically compressed and unloaded have a higher initial shear modulus than those not 

unloaded (Porovic and Jardine 1994). Two separate undrained triaxial compression tests 

were performed on carbonate sand at the same voids ratio, one was compacted, the other, 

was consolidated (Coop and Lee 1993). The consolidated specimen was stiffer than the 

compacted specimen, as shown in Figure 2.19. 

2.7 One-Dimensional Compression 

Sand exhibits three stages of behaviour when subjected to confined compression through 

a large stress range (Hagerty et al 1993). Stage one is low stress behaviour, before 

particle crushing begins. Stage two behaviour is dominated by grain crushing. Stage 

three behaviour is at extremely high stress levels where almost d l  the grain crushing is 

complete. The three stages of confined compression are shown in Figure 2.20. 

Stage one behaviour is generally characterized by increasing stifiess with increasing 

stress. The stress strain curves are concave upwards (in the stress direction) for stresses 



less than about 15 MPa- The increasing stiffhess is due to looser areas wïthin the sand 

matrix compressing to form a denser, stiffer sand (Lambe and Witman 1979). The mode1 

proposed by Hagerty et al. describes stage one behaviour using a constant value of secant 

confined modulus, defined fiom zero stress to the stress at the onset of grain crushing. 

The second stage of confxned compression is separated from the first stage by a yield 

point. Yielding is a resdt of the onset of particle cmshing, as shown in Figure 2.20. The 

second stage of behaviour is a combination of the crushing of soi1 particles and 

reorganization/crushing of the resulting matrix. Throughout the second stage of loading, 

the value of confïned modulus is Iower than the initial confined modulus (Lambe and 

Witman 1979, Hagerty et al 1993). 

The third stage of behaviour occurs when sand particles are crushed to a size where the 

stress on individual particles is below the stress required to fracture the particle. The 

third stage is labeled "apparent pseudoelastic behaviour", shown in Figure 2 -20. The 

third stage of behaviour begins in the figure at an applied stress of 150-200 MPa, and is 

modeled using a constant confined modulus. The finai value of confined modulus is 

significantly higher than the initial confined modulus value. 

The stress at which crushing begins (yield stress) depends on (Hagerty et al 1993, Lee and 

Farhoomand 1963): 

a) density - dense sand yields at higher stresses than loose sand 



b) particle characteristics - rounded particles require higher stress to induce particle 

cnishing than angular particles of the same size. A larger grain size requires less 

stress than a smaller particle to induce yielding. A well graded sand will yield at a 

higher stress level than a poorly graded sand 

C) mineralogy - when individual grains are weaker, yield stress is smaller 

%%en sand is subjected to unload reload cycles at stress levels below the yield stress, 

most of the strain is recoverable. However, some non-recoverable strains do occur, as 

shown in Figure 2.21. The plastic strains are due to remangement of particles and 

breakage of weak particles (Lambe and Whitman 1979). As seen in Figure 2.21, the 

slope of the unload reload curve is about equal to the initial slope, when stresses are less 

than the yieId stress. The slope of the unload reload line is about the sarne as the dope of 

first time loading even when first time Ioading stress exceeds the yield stress. The slope 

of the initial Ioading line varies when stresses exceeded the yield stress, due to plastic 

strains. 

The dope calculated fiom a one-dimensional compression test plotted in Inp-V (V=e+l) 

space is about the same as the slope calculated fiom a isotropie compression test on the 

same matenal (Atkinson and Bransby 1978, Coop 1990). Isotropie and one dimensional 

compression tests were perfurmed on carbonate sands, .as shown in Figure 2.9. The 

carbonate sand particles are weak, and the stress level of both tests were high enough so 

that particle cmshing was occming. The slopes of the test results appear identical. The 

NCL is a result of grain cnishing of sand particles (Coop 1990). 



Cornpared with a dense sand, more volume strain occurs when a loose sand is 

compressed (Hagerty et al 1993). The volume strain in a loose sand pnor to crushing is 

due to particle rearrangement in the sand matrix. This makes identification of the yield 

stress more difficult in a loose sand than in a dense sand. Due to rearrangement of the 

sand rnatrix, a loose sand will not have the same dope in first time loading as in an 

unload reload cycle- 

2.8 Grain Crushing 

During compression to high stress levels, sand grains undergo changes in grain size, 

gradation and shape. The factors which control how much sand grains wiIl crush are 

mineralogy, particle size, particle shape and stress levels. There are two different phases 

of particle breakage (Yudhbir and Wood 1989): 

(1) Low stress levels - grain modifications are due to protrusions on the individual grains 

being knocked off. This reduces the grain angularity and produces some small 

changes in gradation 

(2) Very high stresses - the grains are split or crushed. This produces angular grains and 

changes the gradation 

The potential of sand grains to be crushed is quantified using breakage potential, Bp, the 

area on a gradation curve between the initial grading c w e  and a vertical line at 



D=0.074 mm (Hardin 1985). The amount of particle breakage is quantified after 

compression using, total breakage Bt, calculated as the area between the initial and final 

grading curves above D=0.074 mm. These definitions are shown in Figure 2.22. 

Particles smaller than D=0.074 mm did not contribute significantly to cnishing (Hardin 

1985), comparing different sands showed that the, relative breakage Br = B, / Bp best 

expressed how the crushing behaviour changed with size and mineralogy. 

A conelation between Br and the applied stress at critical state was shown to exist for 

carbonate sand (Coop and Lee 1993), as shown in Figure 2.23. This relationship supports 

the idea that the normal compression line and ultimate state line at high stress are due to 

crushing (Coop and Lee 1993). It also reflects a relationship between applied stress and 

specific volume. 

2.9 Temperature Effects 

Thermal testing of oil sands (Agar et al 1986) found that a small decrease of volume took 

place upon initial heating. This was attributed by the authors to a collapse of the original 

grain structure. Following the initial volume decease, the specirnen increased in volume 

at the same rate as predicted by theoretical thermal expansion of the mineral. Cooling of 

the specimen resulted in volume decrease at the same rate as heating. The initial volume 

loss upon initial heating was not recovered. 



Vesic and Clough (1968) showed that temperatures of up to 600 OC had no effect on the 

shearing behaviour of sand. No other studies of temperature effects became known to the 

author. 



Chapter 3 Materials, Equipment and Procedures 

3.1 Introduction 

Thirty-three separate tests were performed for this thesis project: ten one-dimensional 

compression tests and 23 triaxiai compression tests. The pressure imposed on the sands 

was up to 9 MPa confining pressure in the triaxial ceil and 80 MPa axial stress in the one- 

dimensional compression cell. The testing was performed at roorn temperature, 65°C or 

100°C. 

The one-dimensional compression ce11 was designed by the author for use in this testing 

program. The one-dimensional compression ce11 (Figure 3.1) consists of a thick-walled 

cylinder (or confining ring) having a separate base and a movable top cap. Loading is 

applied through the top cap and the cylinder restrains the specimen from deforrning 

radially. Axial deformation is measured from movement of the top cap. 

The high temperature high pressure (HITEP) tnaxial cells at the University of Manitoba 

were designed and built by Lingnau (1993) as part of his doctoral program. 

Modifications to the HITEP cells were subsequently made by Tanaka (1995) and Crilly 

(1 996) for their postgraduate programs. The HITEP cells have a capacity of 10 MPa and 

100°C. A triaxial ce11 is a pressure vessel, which allows application of an all-round 



pressure through a fluid and separate axial stress. Additional axial stress is applied to the 

specimen by a loading ram which passes through the top of the container, as shown in 

Figure 3.2. Instrumentation for measuring the applied stresses and resulting strains is 

mounted both inside and outside the cell. More details of the test equipment are given in 

later sections. 

Three sands were tested during the prograrn: 1 mm dimeter Ballotini and two gradations 

of 'Frac' (fractionated) sand. The 'Frac' sand is a semi-rounded quartz sand). The 

following sections provide more details of the test materials, equipment used for testing 

and the procedures followed during testing. 

3.2 Test Materials 

The sand materids tested in this prograrn were: 20-40 frac sand, 16-25 fiac sand and 

Ballotini ("20-40" means a material whose particles pass through a sieve with 20 meshes 

per inch but is retained on 40 meshes per inch). The materials were provided by AECL. 

Frac sand is the sand component of the sand-bentonite mixture known as "buffer". 

Specifications of the sand were reported by Gray, Cheung and Dixon (1984). The 

Ballotini, consisting of g l a s  beads nominally 1 mm diameter, is commercially available 

from CATAPHOTE, Jackson, Mississippi. Grain size distributions of these sands based 

on sieve analysis are shown in Figure 3.3. 



Properties of the three sands are summarized in Table 3.1. Properties include: minimum 

density (ASTM D4254 -91) and maximum density (ASTM D4253-93), specific gravity 

(ASTM D854-92) and breakage potential (Hardin 1989). Al1 tests were performed on air 

dry specimens. 

3.3 Experimental Equipment 

3.3.1 One Dimensional (1-D) Compression Ccll 

A schematic diagram of the one-dimensional (1-D) compression cell, manufactured of 

stainless steel is shown in Figure 3.1. The ce11 has three main components: a confining 

ring, base, and top cap. The confining ring has an outside diameter of 90 mm and an 

imer  diameter of 64 mm. Load was transferred fiorn a loading frame to the specimen 

through a 64 mm diameter, 50 mm high stainless steel top cap. 

Vertical loads were applied to the specimens using a United Testing System (R - 25799) 

loading frarne with a capacity of 300 kN (60,000 lbs). A dia1 gauge was used to measure 

movement of the loading head and recorded manually. 



To account for apparatus cornpliance, a load test was performed to the maximum pressure 

using only the top cap and base of the 1-D cell, Measurernents of the resulting 

deflections were recorded and used to correct the results of subsequent tests on sand 

specimens. 

Dunng testing, the rnaterials scored the inside of the cylinder, and formed indentations on 

the top cap and base of the 1-D cell. This was not believed to adversely affect the quality 

of the results but it does indicate the high pressures achieved in the program. Further 

information on these observations can be found in Fems and Graham 1996 a, b, c, d. 

3.3.2 Triaxial Cell 

A schematic diagram of the HITEP triaxial cell, with the ce11 components and associated 

measuring instrumentation is shown in Figure 3.2. Excluding the pedestal base and 

piston which were both stainless steel and the top cap made of titaniwn, the HITEP 

triaxial cell was manufactured from nickel plated mild steel. Details of the design and 

fabrication of the HITEP ce11 were presented by Lingnau (1993). Descriptions of the 

major components and M e r  modifications to the HITEP cells can be found in Crilly 

(1 996). 

One modification made by the author to the HITEP system was to increase the diarneter 

of the top cap and pedestal from 50 mm to 63.5 mm. This was done to almost double the 



specimen volume while maintainhg a 2:l height to diameter ratio. The new pedestal 

design was based on the improved second-generation pedestal design discussed by Crilly 

(1996). The pedestal extends through a 50 mm diarneter hole in the ce11 base and is 

sealed using a large diameter O-ring. This pedestal was designed by Ctilly (1996) and 

Tanaka (1995) to stop potential leakage into the specimen. A new titanium top cap was 

manufactured to fit the Iarger 63.5 mm diameter specimen. 

Interna1 instrumentation to measure specimen defonnation was added as part of this 

testing program. Al1 tests were performed on air dry specimens, rnaking the volume 

change device used by previous researchers on saturated clays unusable in this program. 

Measurement of changes in specimen dimensions in this program was achieved by using 

internally mounted linear variable differential transfomer's (LVDT). 

A schematic diagram of the instnimentation used to measure deformations in isotropic 

compression testing is shown in Figure 3.4. The horizontally mounted LVDTs measured 

the diameter change. The larger LVDT was mounted directly on the side of the specimen 

and recorded height changes over a gauged length. This instrumentation was only used 

for isotropic compression testing. Large changes in specimen height during shear would 

bend the pistons on the horizontally mounted LVDTs. 

A schematic diagram of specially designed and constructed instnimentation used to 

record diameter changes during triaxial compression testing is shown in Figure 3.5. This 



device, which will be described later, measured diameter change during the isotropic 

compression phase of each test, as well as during the constant ce11 pressure shear phase. 

No instrumentation was used to measure axial strain during the isotropic compression of 

the specimens to be sheared. Therefore, relationships between the axial and radial strain 

were developed in six isotropic compression tests. These relationships were used to 

calculate the axial strain during the isotropic compression prior to shearing in the 23 

triaxial compression tests. 

3.3.3 Specimen-Forming Split Mold 

A new specimen-forming split mold was manufactured to form specimens with a 

diarneter of 63.5 mm. A schematic diagram of the specimen forrning split mold is shown 

in Figure 3.6. The main features of this design are: a clamping ring, side holes and the 

lower grove. The clamping ring is used to hold together the split mold. Side holes allow 

a vacuum to be used to pull the membrane against the inside of the specimen-forming 

mold during specimen preparation. The lower grove allows an O-ring to be applied to 

hoId the membrane to the pedestal pnor to application of vacuum pressure and removal of 

the mold. In addition, a special mold was manufactured to cast the butyl rubber 

membranes used to encase the 63.5 mm specimens. 



3.4 HITEP Triaxial Cell: Peripherals 

This section discusses only the new instrumentation that was introduced for this program. 

Lingnau (1993) provides M e r  information on the instrumentation used in the HITEP 

triaxial cells. Information about the choice of butyl rubber membranes used for high 

temperature testing is given by Tanaka (1 995). 

3.4.1 Axial Load 

Axial loading was provided by a strain controlled 100 kN ELE load h e ,  with the axial 

load being measured by an intemal load cell. For this testing program, a new Interface 

mode1 12 1 1 - 44 kN (1 0 000 lb.) replaced an interface 121 1 - 22kN load ce11 used by 

earlier researchers. The 121 1-44 kN load ce11 was pressure vented and temperature 

compensated similar to the previous load cell. The new load ce11 was of the same 

dimensions as the previous load cell, and was able to be submerged in the silicone oil 

used as ce11 fluid. The load ce11 was calibrated using a load h e  in the structures 

laboratory at the University of Manitoba. 



3.4.2 Interna1 Radial Displacement 

Two different sets of (LVDT's) were used intemally to directly measure the radial 

deformations of the specimens. These were shown schematically in Figure 3.4 and 

Figure 3.5. 

For tests under isotropic compression only, two Tram Tek 0241 LVDTs were used. The 

LVDTs have a working range of approximately 5 mm and resolution of 0.5% at full scale. 

The outer casing was held stationary and the center rod moved as the specimen changed 

diameter. This instrumentation configuration is indicated in Figure 3.4. 

Two mode! 0242 Tram Tek LVDT's were used to measure diarneter changes in the 23 

standard drained triaxial compression tests. The LVDT's were mounted on the device 

shown in Figure 3.5, which was in tum mounted to one of the interna1 tie rods of the cell. 

Movement of the two sliding arms along the stationary arms was measured by two 

LVDT's mounted along either stationary arm. Measurements from the two LVDT's was 

average to calculate the diameter change of the specimen. The two sliding arms were 

held in contact to the specimen by springs. The two mode1 0242 LVDT's have a working 

range of 12.7 mm and resolution of 0.5% at full scale. 

The LVDT's were calibrated using a micrometer. The calibration was checked regularly 

tkoughout the expenmental program, ensuring that the calibration factor was constant. 



3.4.3 Interna1 Axial Displacement 

A Trans Tek 0242 LVDTs \vas used to measure axial displacement during the six 

isotropie compression tests. The LVDT was mounted directiy on to the cylindrical 

surface of the specimen. As shown in Figure 3.4, the LVDT measured length changes 

over the center portion of specimen. This was to minimize end effects. The distance over 

which the LVDT recorded height change was termed the gauge length. It was recorded 

before and after each test. 

3.3.3 Eaternal Axial Displacement 

Axial displacement during shearing was measured externally using a mode1 0244 Tran 

Tek LVDT. The 0244 Tram Tek LVDT has a working range of 25 mm with a resolution 

of 5% full scale. The LVDT was fixed to the top of the triaxial cell. It rneasured 

movement of the piston that was attached to the load celI, and hence the top of the 

specimen. 



3.4.5 Data Acquisition and Storage 

Axial stress and axial deformation were manually recorded throughout the 1-D 

compression testing. The manually recorded data were later transferred to a spreadsheet. 

Results from isotropic compression tests and triaxial compression tests were recorded and 

stored using a computer and a data acquisition systern (DAS). The DAS used for the 

majority of the tests was the existing system developed at the University of Manitoba and 

previously described by Lingnau (1993). The DAS was capable of carring 16 channels of 

information and could be used simultaneously on two different triaxial cells. The DAS 

and collection system were updated for the final few tests in the program. Labtek 

notebook and a new DAS were installed to allow greater flexibility in type and amount of 

data collected. The system consisted of two cards which received voltages from the 

various instruments. Voltages were sent to the computer where they were converted to 

data reading through calibration factors. The data were then displayed in real time and 

recorded to a file. The file of raw data was transferred to a spreadsheet for M e r  

manipulation. 

3.5 Testing Procedures 

As mentioned earlier, the test program consisted of ten 1-D compression tests, six non- 

standard isotropic compression tests and 23 high pressure drained triaxial compression 
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tests. The 1-D compression tests were performed in a b a t  one-haif day each. The 

isotropie compression tests required one day each at room temperature, or two days if 

heated to 65°C or 100°C. Each triaxial compression test took two days to perform at 

room temperature, or three days if heated to 65°C or 100°C. While the number of tests is 

not exceptionally large, it shouId be emphasized that the tests were non-standard. The 

densities, stress levels and etevated temperatures in the program meant that considerable 

care had to be given to preparing specimens, ensuring good performance of membranes, 

test equipment and instrumentation. Much more attention was given to specimen 

defonnations than is normal in such work. 

3.5.1 Specimen Preparation 

A11 specimens for the three test types were formed through dry pluviation, with additional 

tamping and vibration following the method described by Bishop and Henkel (1962). 

This procedure has been further detailed by Fems and Graham (1996 e-j). The method 

worked very well for Ballotini and allowed specimens to be formed at or very near 

maximum density. This was important because AECL wanted material inside their 

containers to be as dense as possible. The minimum and maximum density, as well as 

voids ratio range for the matenals are listed in Table 3.1. The method of specimen 

formation produced similar results for 'frac' sand, although the relative densities were not 

as high as those achieved for Ballotini. Details of the achieved densities for ail tests will 

be given in Chapters 4 and 5. 



3.5.2 One-Dimensional Compression 

Specirnens were prepared in the 1-D cell, close to the loading h e .  A known mass of 

sand was placed into the ce11 and the height of the specimen was measured after the 

loading cap was placed on top of the specimen and rotated to produce a smooth top 

surface. Loading was performed in a strain controlled manner, with stresses being 

measured at fixed increments of strain. Prior to testing, a small seating ioad was applied 

and the deflectometer was zeroed. Cycling of the Ioad (load-unload-reload) was 

performed in some tests. 

3.5.3 Isotropic Compression 

With one exception, the isotropie compression tests followed standard methods (Head 

1991). Afier the specimen had been placed in the forming mold and the membrane 

attached to the top cap, approximately 0.1 MPa of suction was applied to the specirnen. 

This allowed it to stand while the forming mold was removed. This is a significantly 

larçer suction than is normally used. The minimum ce11 pressure used in the test program 

was 1.5 MPa so the 0.1 MPa applied suctim was smail relative to the ce11 pressure used 

in the tests. The instrumentation was installed and zeroed with the suction applied. 

Instruments recorded any changes to the specimen's dimensions. Once the ce11 sleeve 

had been installed and the initial ce11 pressure was applied, the suction was removed. 
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Isotropie compression tests that were not part of a triaxial compression test were 

subjected to a number of unload-reload cycles. 

3.5.4 Triaxial Compression 

The shear tests were standard consolidated drained triaxial compression tests (Head 

1991): except that the ce11 pressures, and in many cases the temperatures, were much 

higher than usual. Throughout shearing, the ce11 pressure was held constant. Shearing 

was caused, as normal, by a strain-controlled increase in axial stress. In some of the tests, 

load cycling was performed. Shearing was stopped at around 10-12% axial strain. 

3.6 Post test procedure 

When the test was compieted, a 0.1 MPa suction was reapplied to the specimen and the 

ce11 pressure reduced to zero. Final dimensions of the specimens were measured, and 

their final shape noted. 

Sieve analysis was performed afler completion of the test on most specimens. This was 

done to measure particle degradation caused by the stresses applied in the test. Tested 

material was not reused in subsequent tests. 



Chapter 4 One-Dimensional Compression 

4.1 Experimental Program 

This chapter presents details of the one-dimensional (1-D) compression testing. The 1 -D 

testing was performed to examine compression behaviour of dense sand at very high 

stress. The HITEP triaxial ce11 at the U of M's soi1 mechanics laboratory was limited to 

a maximum ce11 pressure of 10 MPa. In contrast, the newly manufactured 1-D 

compression ce11 was used to a maximum of 81 MPa applied axial stress. The 1-D 

compression test was also used to give a qualitative indication of expected behaviour in 

triaxiaI compression tests. 

The 1 -D compression test has an inherent indetenninacy in the stress conditions. The test 

apparatus imposes a condition of zero lateral strain. Application of vertical stress, in 

combination with zero lateral strain, is known as &-stressing. The & (ratio of vertical to 

horizontal stress) conditions are unknown under the initiai conditions, and Vary with 

increasing applied vertical stress. As is customary, the ce11 was unable to read lateral 

stresses. 

Ten tests were performed: five tests on Ballotini, two on 16-25 fiac sand, and three on 20- 

40 frac sand. The tests followed the procedures outlined in Section 3.6. Table 4.1 

summarizes the key sand properties and stress condition used in the testing program. The 



table lists: test designation, material tested, initial voids ratio, density index, breakage 

potential and maximum axial applied stress. 

The initial density index for the tests on Ballotini were in the range of 0.95-0.99, except 

in T1807, which had an initiai density index of 0.85. The initial density index for the 

tests on 'Frac' sand ranged fiom 0.85 to 0.68. The minimum density index of 0.68 

translates to a relative density (p/p,,) of 94%, indicating that even the !owest density in 

the test series corresponded to very dense material. 

4.2 Experimental Results 

4.2.1 Ballotiai 

Tests Tl 804 through Tl 808 were performed on Ballotini. The breakage potential of 92.8 

was calculated from sieve analysis results, like those shown in Figure 3.3. Based on 

measured mass and dimensions, the initial density of the specimen was calculated. The 

initial density was used to calculate the initial voids ratio and density index, shown in 

Table 4.1. The calculation of density index used the previousIy calculated values of 

minimum and maximum voids ratio listed in Tabte 3.1. The initial voids ratio for these 

five tests varied fiom 0.5382 to 0.5567. These values translate to high density indices 

ranging fiom 0.998 to 0.848. The maximum axial stress applied for each test, listed in 

Table 4.1, varied from about 40 MPa for Tl804 through Tl806 to about 50 MPa for 

Tl 807 and Tl 808. 
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Results from the five 1-D compression tests on Ballotini are ploned in two ways in Figure 

4.1. Figure 4.Ia plots the results in terms of applied axial stress versus axial strain. 

Figure 4.1 b plots the results in terms of the log of applied axial stress versus voids ratio. 

Separate plots for individual tests can be found in Fems and Graham (1996a, 1996b). 

Stress-strain curves for the £ive tests are concave towards the stress axis. Similar 

magnitudes of strain for applied stress were developed in al1 tests. Strains at 40 MPa 

applied stress ranged from 1.9% to 2.6%, shown in Figure 4. la. 

The confined compression lines shown in Figure 4.1 b, indicate that the compression lines 

are similar when the initial voids ratios are similar. Tests Tl805 and Tl808 had initiai 

voids ratios of 0.5440 and 0.5416 respectively. Results of 1-D compression of these two 

tests are almost identical. Similarly, initial voids ratios for TI804 and Tl806 led to 

similar 1-D compression results. Tests with higher initial voids ratios (looser) were more 

compressible. The general shape of the curves in Figure 4. Ib can be idealized as initially 

broadly linear, with development of curvature occuring as the stress Ievel approaches 30 

MPa. 

Figure 4.2 plots results from test T l  806, including the unloading and reloading cycles that 

were perfoxmed. Similar to Figure 4.1, results are plotted in both applied stress versus 



axial strain space, shown in Figure 4.2% and log applied stress versus voids ratio space, 

shown in Figure 4.2b. 

Figure 4.2 indicates that some plastic strains are developed in the test. At an axial stress 

of 1.5 MPa, the voids ratio was about 0.533 for first time loading, and about 0.523 in the 

final unload cycle. The slope of the compression line for initial loading is steeper than 

the unload line, but only slightly steeper than the reload line, as shown in Figure 4.2b. 

Some particle breakage can be seen fiom the before and afier grain size distributions 

shown in Figure 4.3. Table 4.2 summarizes the important particle breakage parameters 

which are: total breakage, relative breakage and the stress Ievel where cracking sounds 

were heard. Total breakage is a measure of the change grain size of the distribution for 

particles which will break. Relative breakage is a ratio of the amount of particle breakage 

which occurred to the amount which could occur. The definitions of total and relative 

breakage are given in Section 2.8. 

The total breakage provides a way of measuring particle breakage, and in this case 

confirms that particles were being crushed during the tests. The stress level at which 

sounds of particle breakage could be heard aurally, was at about 36 MPa; about the same 

stress level where the curvature of the compression lines began, see Figure 4.1 b. 



4.2.2 'Frac' Sand 

Tests Tl 809 through Tl813 were performed on 'Frac' sand. Tests Tl809 and Tl 8 10 

were on the 16 - 25 sieve hc t ion  and the other three tests were on the 20 - 40 sieve 

fraction. Breakage potentials of 70.1 and 48.2 were calculated respectively for the 16 - 25 

and 20 - 40 sieve fractions fiom the sieve anaiysis results shown in Figure 3.3. Based on 

measured mass and dimensions, the initial density of each specimen was also calculated. 

The initial density was used to calculate that initial voids ratio and density index, is 

shown in Table 4.1. Calculation of density index the used previously calculated 

minimum and maximum voids ratios, listed in Table 3.1. The initial voids ratios for the 

two tests on the 16-25 sieve fiaction varied fiom 0.4685 to 0.471 1 .  This translates to 

density indices ranging fiom 0.81 1 to 0.820. The initial voids ratios for the three tests on 

the 20-40 sieve fraction varied from 0.4730 to 0.5221, which translates to density indices 

ranging from 0.854 to 0.678. The maximum axial stress applied for each test, listed in 

Table 4.1, was 80.5 MPa for tests Tl809 through Tl 813. 

To show how initial voids ratio would affect the response of the sand to loading, the three 

tests on the 20-40 sieve fraction were performed at progressively higher values of initial 

voids ratio. 

Results fiom the five 1-D compression tests on 'Frac' sand are plotted in the two ways 

s h o w  in Figure 4.4. Figure 4.4a plots the results in terms of applied axial stress versus 



axial strain. Figure 4.4b plots the results in terms of the log of applied axial stress versus 

voids ratio. Plots for individual tests can be found in Fems and Graham (1996c, 1996d). 

Stress strain c w e s  can be broken into two parts as s h o w  in Figure 4.4a. The initial 

portion of the curve is concave towards the stress axis until approximately 50 MPa. 

Beyond this stress, a change in slope of the plotted results occurs, resulting in a second 

region of behaviour where a linear reiationship exists behveen axial stress and strain. 

The confïned compression lines shown in Figure 4.4b, indicate the similarities and 

differences between the behaviour of the 16 -25 sieve fraction and the 20 - 40 sieve 

fraction of the same sand. Both sieve fiactions become compressible, that is, they yield, 

at high stresses of about 35 MPa for the 16-25 sand and 43 MPa for the 20-40 sand, 

respectively. The effects of initial voids ratio can be seen in both gradations of the sand. 

Once the stress level is higher than the yield stress the behaviour for each test is almost 

identical. The slopes of the more compressible, post yield behaviour for the tsvo different 

gradations are different. 

The general shape of the curves in Figure 4.4b can be idealized as initially broadly 

bilinear. The first line describes the initial behaviour and the second describes the more 

compressible behaviour, with a yield point defining the change between the twO linear 

portions. The similarity with the behaviour shown in Figure 2.9 is apparent. 



Figure 4.5 plots results fiom test Tl 810 (on 16 - 25 frac sand), including unloading and 

reloading cycles. Sirnilar to Figure 4.4, results are plotted in both applied stress versus 

axial strain space, shown in Figure 4.5a; and log applied stress versw voids ratio space, 

shown in Figure 4.5b. 

Unlike the testing performed on Ballotini, 'Frac' sand showed considerably different 

behaviour in unload reload cycles fiom initial loading. Tt should be noted that the 'Frac' 

specimens were compressed to a maximum axial stress of 81 MPa, between 30 MPa and 

40 MPa higher than the stress used on the Ballotini. Figure 4.5 plots the results for test 

T1810, in both axial stress versus axial strain space (Figure 4.5a) and hg axial stress 

versus voids ratio space (Figure 4.5b). 

The dopes of the unload-reload compression lines, shown in Figure 4Sb, are basically 

identical, regardless of the location in the initial loading curve. The first unload-reload 

cycle was performed near the transition to more compressible behaviour (grain cnishing), 

and the second cycle was performed when the compressible behaviour was dominant. 

The figure indicates that plastic strains were developed in the test. At an axial stress of 

1.5 MPa, the voids ratio was about 0.463 for first time loading, and about 0.382 in the 

final unload cycle. The slope of the compression line for initial loading is steeper than 

the unload-reload line, as shown in Figure 4.2b. 



Some particle breakage occurred in the tests on 'Frac' sand, as seen fiom the 'before' and 

'after' grain size distributions shown in Figure 4.6. Figure 4.6a plots before and d e r  

testing sieve analysis results for 16-25 'Frac' sand. Figure 4.6b plots before and afler 

testing sieve analysis results for 20-40 'Frac' sand. Table 4.2 surnmarizes the important 

particle breakage parameters: total breakage, relative breakage and the stress level where 

cracking sounds were heard. The definitions of total and relative breakage were given in 

Section 2-8. 

The total breakage numbers of 13 to 16 show that a consistent amount of particle 

breakage was occumng, and that more breakage occurred in these tests than those on 

Ballotini. The stress level at which sounds of particle breakage started to occur was about 

the same stress lever where the curvature of the compression lines began to curve and the 

behaviour changed, see Figure 4.4b. The stress where noise first was heard for the 20 - 

40 sand was higher for lower values of voids ratio (denser sand). 

4.3 Interpretation of 1-D Compression Results 

There are three stages of sand response to high stress loading (Hagerty et al 1993): prior 

to grain crushing, while grain crushing is occurring and after dl grain crushing has taken 

place (Figure 2.20). The first and second stages of response were measured during this 

test prograrn. In 1-D testing, Hagerty suggested that the third stage of behaviour began at 



an applied stress Ievel of 250 Mpa  Maximum axial stress in this program was 81 MPa, 

much lower than required to completely crush ail the sand grains. 

There are two main ways to interpret results fiom a one-dimensional compression tests: 

using stress-strain graphs and calculating a confhed modulus (stiffness), or using the log 

stress voids ratio graphs and calculating a compression index. 

4.3.1 Compression indices 

The classic method of interpreting one-dimensional compression test results can be 

performed using the information plotted in Figure 4.1 b and Figure 4.3b. This method is 

generally used for clays to determine not only deformations, but also the time dependent 

nature of the deformation. This way of interpreting data is also valid for sands. The term 

'preconsolidation pressure', used in the classic interpretation of one-dimensional 

compression data, represents the past highest pressure. It separates behaviour into 

distinct regions. Application of stresses lower than the preconsolidation pressure result in 

elastic or mostly recoverable behaviour, corresponding to stage 1 behaviour. Stresses 

greater than the preconsolidation pressure result in elastic-plastic behaviour, 

corresponding to stage 2. Stage 1 response is described by a single compression index, 

the unload-reload index, Cr. The index Cr relates the change in voids ratio per log unit of 

stress, in the range from initial stress to the preconsolidation pressure. At stresses higher 

than the preconsolidation pressure, the behaviour is descnbed by the compression index, 



Cc.  Like Cr, Cc describes a linear relationship between changes of voids ratio and log 

applied stress. 

Results of test TI806 (Ballotini) and Tl810 (16-25 'Frac' sand) were plotted together in 

log axial stress versus voids ratio space, as shown in Figure 4.7. The different materials 

have about the same slope to the initial loading line. They also show that the slope of the 

line increases when the stress goes higher than about 30 MPa- Test Tl806 was not 

stressed to the sarne level as T1810. The stress level imposed on the Ballotini was not 

high enough to begin stage 2 behaviour. Therefore, no yield stress or Cc index could be 

interpreted for the tests on Ballotini. 

As shown in Figure 4.7, for test T1806, the unload-reload behaviour is not much different 

from first loading. In cornparison, test Tl 8 10 showed significant differences between 

unload-reload behaviour compared to first time loading. This indicates that the elastic- 

plastic stage of response to high stress (in which grain crushing is dominant), has not 

been reached in test T1806, but has been reached in test T1810. The response of test 

Tl806 is largely elastic and recoverable, whereas test Tl810 clearly exhibits non- 

recoverable strains. Supporting evidence that grain crushing is not occming to a large 

degree in TI 806 is found in the sieve analysis results, shown in Figure 4.3. Similady, as 

shown in Table 4.2, total breakage, Bt values, are relatively low for Tl806 and the other 

tests on Ballotini. Conversely, as shown in Figure 4.6, significant change took place in 

the grain size distribution for the 'Frac' sand, and Table 4.2 lists relatively large values of 

Bt. 



Stage 2 behaviour in a 1-D compression test can be considered analogous to normal 

compression behaviour in a triaxial compression test (Coop 1990). Normal compression 

in a sand is due to grain crushing (Coop and Lee 1993). The 'Frac' sand was interpreted 

as having both first stage behaviour (Cr) and second stage behaviour (Cc) based on grain 

cnishing, and the observed change in s t i f ies  during stressing. The Ballotini was 

interpreted as only exhibiting first stage behaviour (C,). 

The yield stress for the 'Frac' sand was approxirnately 50 MPa, and the maximum value 

of stress in the tests on Ballotini was only 50 MPa. It is likely that at higher stress levels, 

Ballotini would also show yielding and stage two behaviour. 

TabIe 4.3 lists the values of: unioad-reload index (fiom initial loading and in an unload- 

reload cycle) Cr, compression index Cc and interpreted yield stress. Rather than the 

ciassic term 'preconsolidation pressure', 'yield stress' was used to describe the transition 

from stage one to stage two compression behaviour. 

The index values listed in Table 4.3 were calculated as linear fits to the data plotted in 

Figures 4.1 b and 4.4b. In addition to the data shown in the figures, most tests had some 

unload-reload cycles performed during testing. The complete results of al1 tests are given 

in detail in Fems and Graham (1996a,b,c,d). 



The Cr initial value for 'Frac' sand was calculated using data fiom the begiming of the 

test, to within 10 MPa of the yield stress. By using data within the range O MPa to 30 

MPa, as well as the reloading portion of the unload reload cycles, the Cr initial value for 

Ballotini was calculated. The Cr unload-reload value was caiculated from the unload 

reload cycle. The complete unloading portion of the c w e  was used, as well as the 

reloading data fiom the lowest stress, to within 10 MPa of the past highest stress. 

The Cc index value was calculated by using data from 10 MPa higher than the yield 

stress, to the highest stress reached during the test. 

The value of Cr for initial loading of 'Frac' sand was 0.022k0.006 and 0.0209k0.004 for 

16-25 sieve fraction and 20-40 sieve fraction, respectively. The value of the Cr from 

unload-reload testing was 0.0103I0.005 and 0.005+0.003 for 16-25 sieve fraction and 

20-40 sieve fraction, respec tivel y. The di fferences in the two caiculated values quantifies 

the change due to plastic strains occurring in the initial loading. Cornparhg the 

calculated index values indicates that the 20-40 sand is stiffer (less change to voids ratio 

per unit stress) than the 16-25 sand. 

In tests Tl81 1, Tl812 and T1813, the values of ID were 0.854, 0.713 and 0.678, 

respectively, and the yield stress were 50 MPa, 44.4 MPa and 44.4 MPa, respectively. 

The stresses corresponding to where noise began in the three tests were 50 MPa, 39 MPa 

and 25 MPa. A lower value of ID indicates that a soi1 has a looser structure. This means 



that there are fewer particle-to-particle contacts, and therefore a higher value of 

interparticle forces for the same arnount of externaily applied stress 

The value of the initial Cr index varies inversely with the density index, ID. Four of the 

five tests on Ballotini had a Io of O.WkO.03, while the fifth had ID=0.85. The values Cr in 

the first four tests were 0.016k0.002, while the fifth had a Cr of 0.027. Therefore, the 

lower the density, the more compressible the sand. In the case of the Bailotini testing, a 

difference of 0.12 in Io (approximately 10%) made the sand nearly N c e  as compressible. 

The steeper slope in test Tl 807 is shown in Figure 4.1 b. 

The tests on 'Frac' sand also show the inverse relationship between initial Cr and ID. n i e  

values of Io for tests Tl  81 1, Tl 812 and Tl 8 13 are 0.854, 0.71 3 and 0.678, respectively, 

with corresponding Cr initial values of 0.0 193, 0.0 1 84 and 0.025 1. This reinforces the 

observation earlier that looser structures as measured by ID are more compressible. 

The value of Cc does not depend on initial compaction. For tests Tl 8 1 1, T 18 12 and 

T1813, the value of ID are 0.854, 0.713 and 0.678, respectively, yet the Cc index was 

0.2744k0.0007. The unload-reload Cr value is also independent of the initial density 

index. 

The initial Cc values are about one order of magnitude larger than initial Cr values. The 

unload-reload Cr is about one to two orders of magnitude lower than Cc. Comparable 



differences between the deformation properties for carbonate sand were reported by Coop 

(1 990). 

In tests performed on calcareous sand, Coop (1990) concluded that cntshing was 

equivalent, in some ways, to the so-called 'normal consolidation' process in clays. In 

particular, grain cmshing produces volwnetric strain hardening and expansion of the 

region of elastic behaviow. Figure 4.5b plots the compiete results, including two separate 

unload reload cycles for T 1 8 10. The first unload-reload cycle was performed at a stress 

value which was near the interpreted yield stress for that test. The unload-reload Cr 

calculated for the firçt cycle is equal to the Cr value fkom the second unload-reload cycle. 

The second unload reload cycle was started from a stress beyond the initial yield stress, 

the stress was reduced beiow the initial yield stress. Upon reloading, the sand did not 

yield until the stress level was near the past highest pressure. Stressing through the 

original yield stress had no effect on the behaviour. 

4.3.2 Confined modulus 

The traditional logarithmic method of plotting 1-D compression test results, described in 

Section 4.3.1 has two mathematical problems (Hagerty et al 1993): prediction of negative 

voids ratio at extremely high stresses, and infinite voids ratio at zero stress. To avoid 

these problems, some researchers (for example Hagerty et al 1993, and Hardin 1987) use 

a confined modulus approach. The modulus is derived fiom arithmetic plots of stress 



versus strain. There are tivo different ways of calculating the confined modulus for a 1-D 

compression test: as a constant stiffness in a selected stress range starting from zero 

stress, or incremental stiffness. 

The constant stiffness approach is discussed first. Similar to the compression index 

approach, four values were calculated for each test: initial confined modulus, yield stress, 

crushing confined modulus and unload-reload confined modulus. The entire first loading 

phase @rior to unload reload) was used to calculate the constant initial confined modulus, 

Di, for Ballotini. No yield stresses were observed in tests on Baliotini, as discussed in 

section 4.3.1. Similarly, the initial confrned modulus for 'Frac' sand was calculated as 

the slope of the stress-strain cuve below the yield stress. The crushing confined 

modulus, D,, descnbes second stage behaviour after crushing had begun. It was 

calculated from data at stresses higher than the yield stress. The unload-reload modulus, 

Dr, was calculated as the slope of an unload-reload portion of the tests after the cmhing 

behaviour had been initiated. 

The initial confined modulus, Di, for Ballotini, 16-25 and 20-40 'Frac' sand are 

2480+500 MPa, 2165I183 MPa and 185 1k304 MPa, respectively. For 16-25 and 20-40 

'Frac' sand the crushing confined modulus, D,, was 715+64 MPa and 840k59 MPa, 

respectively. The D, is less than one half of the Di value. For 16-25 and 20-40 'Frac' 

sand the unload-reload modulus, Dr, was 10590k1650 MPa and 9925I775 MP* 

respectively. This is about one order of magnitude higher than the initial modulus. 



Calculated values of Di, D, and Dr in Table 4.4 appear to be related to initial density, as 

expressed by density index ID in Table 4.1. The yield stress in 20-40 'Frac' sand 

increases with increased density index, see Tables 4.1 and 4.4. This behaviour was also 

found using the traditional logarthimic plotting technique. Comparing values of yield 

stress listed in Tables 4.3 and 4.4, the interpreted yield stress fiom the two different 

techniques are similar. 

The confined modulus of stiffness c m  also be calculated incrementally. Figure 4.8a plots 

the incremental confined modulus versus axial strain for Bailotini. The confined modulus 

increases with increasing axial strain up to the maximum axial strain achieved in the tests, 

approximately 3%. Figure 4.8b plots the incremental confined modulus versus axial 

strain for the tests on 'Frac' sand. The confined modulus increassd from about 1000 

MPa, to about 2200 MPa with increasing strain until about 1-2% axial strain. Continued 

straining decreased the confined modulus to about 750 MPa at 3.5% axial strain. The 

confined modulus remained at about this value for the remainder of the tests, to an axial 

strain of about 6.5%. 

The constant confined crushing modulus, D,, of 715 MPa and 840 MPa for the two 

gradations of 'Frac' sand, is about the same as the constant value of stifiess calculated 

i ncrementall y. However, the initial confined modulus calculated incrementally, is not 

simiIar to the constant initial confined modulus, Di. 



4.4 Conclusions 

Sand tested in 1-D compression can have its behaviour separated into two phases of 

response to axial stress. Stage 1 behaviour is defined as having mostly elastic 

deformations with no grain crushing. Stage 2 behaviour is defined by grain crushing, 

with mostly plastic deformations. A yield stress separates the two phases of response to 

stressing. These two stages of response to stressing in a 1 -D compression test are the first 

two stages of the three stage response proposed by Hagerty et al. (1993). 

Stage 2 behaviour is analogous to normal compression in a triaxial compression test on 

clays. It increases the current yield stress as it occurs, and is independent of initial 

density. The two stage behaviour in a 1-D test allows an elastic-plastic description of the 

response to high-stress 1-D loading. 

Initial loading in a 1-D test not ody induces elastic strains, but plastic strains as well 

when the yield stress is exceeded. Unload-reload cycles reveal the elastic portion of 

strain resulting fiom loading. 

Dense sands are stiffer than loose sands. Compared with loose sands, dense sands have a 

higher initial yield stress, and begin to crush at a higher applied stress. 



Chapter 5 Triaxial Compression Testing 

5.1 Experimental Program 

This chapter presents results of isotropic compression and triaxial compression testing 

performed on Bailotini and 20-40 'Frac' sand in the HITEP triaxial cell. Testing was 

performed at three different temperatures: 27OC (room temperature), 6j°C and 100°C. 

The tests were pedormed at different temperatures to quantifi the effect of temperature, if 

any, on the behaviour of these two rnaterials. 

Six isotropic compression only tests were performed: one on Ballotini and five on 20-40 

'Frac' sand. The test on Ballotini was performed at 27°C. Two of the five tests on 20-40 

'Frac' sand were pedormed at 27"C, two more at 6j°C and one test at 100°C. The initial 

specific volume for the test on Ballotini was 1.5408. For the tests on 20-40 'Frac' sand, 

the initial specific volume was 1.48 18+0.006. 

Twenty-three drained triaxial compression tests were performed: three on Ballotini and 

20 on 20-40 ' Frac'sand. The three tests on Ballotini were at room temperature. Seven of 

the 20 tests on 'Frac' sand were performed at room temperature, an additional seven at 

65°C and six tests at 100°C. The ce11 pressure (radial stress) used for testing Ballotini 

ranged from 2.5 MPa to 7.5 MPa. The ceil pressure used for the tests on 20 40 "Frac' 



sand ranged fiom 1.5 MPa to 7.0 MPa. These stress ranges are much higher than normal 

in geotechnical e n g i n e e ~ g  practice. 

5.2 Critical State and Other Key Conditions in a Triaxial Test 

Five key stages can be identified in drained triaxial compression tests. They are: initial 

conditions, end of consolidation/initial conditions for start of shear, transition, peak 

strength and critical state. 

The specific volume, or density, at which the specimen is prepared, defines the initiai 

condition of a triaxial compression test. niroughout the isotropic compression phase of a 

triaxial compression test, the specific volume decreases. Conditions at the end of 

isotropic compression are defined in terms of both specific volume and confining 

pressure. The start and end conditions for the isotropic compression portion of the test 

are shown schematically in Figure 5.la. The combination of mean stress and specific 

voIume, that is, the soii's "state" at the end of consolidation, define d s o  the initial 

conditions for shearing. The soil's "state" at this stage has been compared to the critical 

state line, to define the state parameter, described in section 2.4 (Been and Jefferies 

1985). The state parameter has been used by Been and Jefferies as an indicator of 

expected behaviour in the shear phase of triaxial compression tests. 



For drained triaxial compression tests on a loose sand (a sand where the combination of 

density and confining pressure makes the sand compressive under shearing), the 

transition, peak and critical state are coincident. For triaxial compression tests on dense 

(expansive) sands, they are distinctly separate conditions as shown in Figures 5.1 and 5.2. 

Al1 the sands tested in this program were dense. 

During the early stages of shearing, dense sand compresses until, at some small value of 

shear strain, the sand starts to dilate and total volume increases. The stress-strain 

condition where the rate of change in volume is instantaneously zero, is termed 

'transition'. The transition point is shown in Figure 5.2. 

Further shearing of the soil continues until a peak shear stress is reached, shown in Figure 

5.2a and 5.2b. Peak shear stress occurs at the maximum dilatancy rate (rate of voiume 

expansion per axial compression), shown in Figure 5.2b. Further shearing continues to 

expand the soil, with the amount of shear stress which the sand can sustain decreasing 

until the critical state condition is reached, shown in Figure 5.2a and 5.2b. At critical 

state, shear strains do not cause m e r  changes to either the shear stress or volume strain. 

These four key points in the shearing phase of a drained triaxiaI compression test are 

shown schematically in log mean stress versus specific volume space in Figure 5.1 b. 



5.3 isotropic Compression Results 

5.3.1 Introduction 

Isotropic compression tests, like those described in Chapter 3 involve application of an 

equal aI1-round pressure to the specimen. 

Two different series of isotropic compression tests were performed: (1) isotropic 

compression only, including unIoad-reload cycles; and (2) isotropic compression as the 

preliminary phase of triaxial shear tests. For tests with isotropic compression only, both 

axial and radial defomations were measured. In the tests where isotropic compression 

was part of a triaxial shear test, only radial deformations were measured. 

Thermally induced volume changes when specimens were heated fiom room temperature 

to 65°C or 100°C, were not considered in caiculations of the initial voids ratio at the 

begiming of consolidation. Heating was being exarnined, it was done prior to the start of 

isotropic compression with a constant mean stress applied to the soi1 and the drainage 

leads open. Agar et al. (1986) rneasured thermal expansion of an oil sand fiom room 

temperature to 65°C as 0% and 0.01% for codining stresses of 50 kPa and 6 MPa 

respectively. The measured thermal expansion of an oil sand to 100°C was 0.075% to 

0.150% for confining stresses of 50 kPa and 6 MPa, respectively. Therefore, any errors 

due to not including the temperature effects in the present program are small. 



5.3.2 Isotropic Compression with Unload - Reload Cycles 

Test Tl 839 was performed on Ballotini and another five tests were performed on 20-40 

'Frac' sand. Tests Tl837 through Tl839 were performed at room temperature, Tl840 

and Tl 841 at 65OC and Tl 842 at 100°C. Table 5.1 lists the following parameters for the 

isotropic compression tests: test designation, temperature, initial specific volume, initial 

density index, breakage potential and the maximum radial stress (ce11 pressure) applied. 

The breakage potential, defined earlier on the basis of grain size rneasurements, was 92.8 

for Ballotini and 48.2 for the 20-40 'Frac' sand. The maximum applied radial stress was 

8.8 MPa for test T1842, and approximately 10.4 MPa in the other five tests. These are 

exceptionally high stresses in relation to most soi1 testing. The average initial specific 

volume for tests on 20-40 'Frac' sand was 1.48 18kO.0057; for an average initial density 

index of 0.822+0.02. The test performed on Ballotini had an initial specific voIume of 

1.5408 and density index of 0.977. 

Results from the isotropic compression test Tl839 on Ballotini are plotted in Figure 5.3, 

including unload reload cycles. nie results are plotted in two different ways: mean stress, 

p, versus volume strain, E,, shown in Figure 5.3a; and Zn mean stress, p, versus specific 

volume, V, shown in Figure 5.3b. Volume strains were calculated £iom axial and radial 

strains which were themselves calculated fiom direct measurements of deforrnations. 

The measurements also permitted calculation of any shear strains that developed. In an 



isotropic compression test, the mean stress, p, is equal to the confining pressure, the radial 

and axial stress being equal. The specific volume at each value of mean stress was 

calculated from V i  = Vo (1 - svi). 

The plot of stress-strain results for Ballotini, Figure 5.3% is concave towards the stress 

a i s .  The plot, which includes unload - reload behaviour, shows that not al1 of the strain 

is recovered when the stress is removed, presumably from a combination of particle 

relocaiion and fracture. The maximum measured strain was eV = 2.38%, at a radial stress 

of 10.2 MPa. The strains resulting from the isotropic stressing to about 10 MPa are 

summarized in Table 5.2. The specific volume of the specimen was changed fiom 1.5408 

to 1.5042, as shown in Figure 5.3b. The shear strain in the test was calculated to be - 

0.202%. This indicates that the specimen was anisotropic as a result of the preparation 

method. 

The test data from Tl839 have also been plotted as Zn mean stress, p, versrts specific 

volume, V in Figure 5.3b. The figure shows that the behaviour is broadly linear though 

slightly curved. Obviously, the figure again shows that most of the volume strain is 

recoverable, following initial loading. Sieve analysis of the specimen following testing, 

shows no significant change to the particle size distribution (See section 5.5.2 for fûrther 

discussion of particle size distribution). 

Figure 5.4 is a plot of isotropic compression results, minus the unload-reload cycles, from 

the five isotropic compression tests on 'Frac' sand. The unload-reload plot was omitted 
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fiom this figure for clarity. Figure 5.4a plots the results as mean stress, p versus volume 

strain, E,. Figure 5.4b shows the same resuits plotted as ln p versus specific volume V. 

The stress-strain cuves are concave towards the stress axis, as shown in Figure 5.4a. 

Tests Tl 840 and Tl  841 at 65°C developed slightly more strain for the same applied stress 

level than similar tests Tl837 and Tl838 at 27OC. The values of volume strain are about 

2.0% and 1.7%, respectively at the end of testing. Test Tl842 (1 00°C) had a volume 

strain of 1.4% at 8.8 MPa, the same as for test Tl838 at that stress Ievel. There does not, 

at first sight, appear to be a consistent variation with temperature. However, it appears 

there was a loss of strain control in Tl842 at about 0.5% strain. After this stage of the 

test strain changes were lower than at 27OC and 65°C. The specific volume at the 

maximum stress ranged from 1.4415 to 1.4595; the final calculated volume strain ranged 

from 1.67% to 2.34%. Similar to the test on Ballotini, shear strain was developed in 

these tests. Test results for maximum stress levels are given in Table 5.2. 

The plots of the isotropic compression test data in mean stress Inp versus specific,V 

space, Figure 54b, indicate that the behaviour was broadly linear after about 1 MPa, and 

that the behaviour was similar, regardless of temperature. The effect of a lower initial 

specific volume in test Tl840 appears to be greater than the effect of temperature. 

Similar to the test on Ballotini, although not shown here, the behaviour of the sand in 

unloading-reloading showed that following initial loading, volume changes due to 

loadinghnloading cycles are mostly recoverable. 



Sieve anaiysis of the specimens following testing shows no significant change to the 

particle size distribution. Details will be given in section 5.5. 

These six tests were performed with independent local measurement of both axial and 

radial deformation. This allowed calculation of the radial and verticai strain throughout 

the course of stress application. A linear relationship between the ratio of axial strain to 

radial strain, &JE, and current rnean stress, p was developed. The linear relationship for 

Ballotini was €JE, = 0.2628 +0.04059 p, and the relationship for 'Frac' sand was &a/&, = 

0.7577 +0.02726 p. The measured relationship between axial and radial strains was used 

later to calculate axial strain during the isotropic compression phase of triaxial 

compression testing. This was required since only radial strains were measured in the 

isotropic compression phase of the triaxial compression test. 

5.3.3 Isotropic Compression Phase of Triaxial Shear Tests 

A summary of the initial and final conditions of the isotropic compression testing phase 

of the 23 triaxial shear tests is listed in Table 5.3. Listed in the table are; test designation, 

material tested? temperature of the test, initial specific volume, density index, initial mean 

stress, final mean stress, final specific volume, final volume strain and final shear strain. 

Tests Tl 81 5, Tl 816 and Tl825 were performed on Ballotini, al1 other tests fiom Tl814 

through Tl836 were performed on 20 - 40 'Frac' sand. The tests have been similarly 



grouped according to temperature, in Table 5.3 through Table 5.6. Tests performed at 

room temperature were T1817, T1818, T1821, T1822, T1828, Tl829 and T1831. Tests 

performed at about 65°C were T1814, T1819, T1820, T1823, T1826, Tl830 and T l 8 3 5  

Tests performed at about 100°C were T1824, T1827, T1832, T1833, Tl834 and T1836. 

The three tests on Ballotini were formed at an initial specific volume of 1.5370+0.0062, 

corresponding to an initial density index of 0.986k0.028. Results of the isotropic 

compression testing are plotted in Figure 5.5. A plot of the tests in mean stress, p versus 

voIurne strain, space, is s h o w  in Figure 5.5a. The isotropic compression results are 

also plotted in mean stress, In p versus specific volume, V space, as shown in Figure 5.3b. 

This plot indicates good consistency between the three tests, which al1 show broadly 

linear behaviour although specimen Tl825 is noticeably less stiff than the others. The 

reason is unknown. 

The specimens for the 20 isotropic compression tests were formed at average initial 

specific volumes of 1.4844k0.007, 1.4853k0.002 and t .4844+O.O 12 for tests at 27"CT 65" 

and 100°C, respectively. The average initial specific volume for al1 of these tests is 

1.4847. 

Figure 5.6 plots results fiom isotropic compression of 'Frac' sand at room temperature. 

Results are plotted in both mean stress, p versus volume strain, E, space, shown in Figure 

5.6a, and specific volume V versus In p space, shown in Figure 5.6b. Similarly, Figure 



5.7 plots results of the isotropic compression at 65"C, and Figure 5.8 plots resuits of 

isotropic compression at 100°C. 

The testing results plotted in Figures 5.6b through 5.8b show that the results of the 

isotropic compression are broadly linear. The plotted deformation pattern at the different 

temperatures is broadty similar bearing in rnind the technicai dificulties of measuring 

lateral deformations inside cells under high pressures up to 7.5 MPa and temperatures up 

to 10O0C. Cornparisons of these data are presented in chapter 6. 

5.4 Triaxial Shear Results 

5.4.1 Introduction 

Drained triaxial compression shear tests (TXC) were performed using the standard 

method of increasing axial stress, ma while maintaining a constant radial stress, a,. The 

tests were performed at much higher stress levels than are typical in such tests. The 

h i a l  compression test data have been plotted as: deviator stress, q versus shear strain, 

E~ and volume strain, sV versus shear strain, Es. Unload-reload cycles were performed 

during some of the tests. 



5.4.2 Ballotini 

Three triaxial compression tests were conducted on Ballotini at room temperature. The 

initial conditions for the tests are shown in Table 5.3. They are: test designation, 

temperature, final specific volume (initial for the shear phase), final mean stress (constant 

radial stress) and final specific volume (initial specific volume for shear phase). The 

initial specific volume, V at the start of shearing ranged fkom 1 S241 to 1.5348. The 

radial stresses at which the tests were performed were: 2.50 MPa, 5.00 MPa and 7.55 

MPa. 

Results of the three triaxial compression tests on Ballotini are plotted in Figure 5.9. 

Figure 5.9a plots the results in terms of deviator stress, q versus shear strain, E,. Figure 

5.9b plots the results in terms of the volume strain, E, versus shear strain, E,. These three 

tests displayed responses to shearing typical of dense sand. The deviator stress increases 

to a peak value, and then decreases, finally approaching constant values of shear stress. 

The specimens compressed initially (positive values of volume strain) to a transition, and 

then expanded with M e r  increases in shear strain. 

A loss of strain control occurred in the triaxial compression test with a radial stress of 7.5 

MPa. Values of the initial, transition, peak and end of test conditions are included in 

Tables 5.3 through Table 5.6. In these three tests the following trends were noted: 



The peak deviator stress value increased with increased radial stress. The peak 

deviator stress was 3.76 MPa, 6.13 MPa and 11.99 MPa for radial stresses of 2.5 

MPa, 5.0 m a  and 7.55 MPa, respectively. 

The shear strain at transition increased with increasing radial stress. The shear strain 

at the transition was 0.96%, 2.7% and 2.9% for radial stresses of 2.5 MPa, 5.0 MPa 

and 7.55 MPa, respectively. 

The shear strain at which the peak deviator stress occurred was increased by 

increasing radial stress. The shear strain at the peak deviator stress was 2.2%, 2.9% 

and 3 -3% for radial stresses of 2.5 MPa, 5.0 MPa and 7.55 MPa, respectively. 

Volume strains decreased with increasing radial stress. 

In these three tests, no significant change in the grain size distribution following testing 

was noted. Further discussion is included in section 5.5. 

5.4.3 Room Temperature Tests on 'Frac' Sand 

Seven triaxial compression shear tests were conducted on 'Frac' sand at room 

temperature. The initial conditions for the tests are shown in Table 5.3. They are: test 

designation, temperature, final specific volume (initial for the shear phase), final mean 

stress (constant radial stress) and final specific volume (initial specific volume for shear 

phase). The initial specific volume, V at the start of shearing, ranged fiom 1.4710 to 



1 -4842. The radial stresses used in the tests were: 5.03 MPa, 2.45 MPa, 7.0 1 MPa, 2.05 

MPa, 1.51 MPa, 3.80 MPa, and 5.12 MPa. 

Results of the seven triaxial compression tests are plotted in Figure 5.10. Figure 5.10a 

plots the results in terms of deviator stress, q versus shear strain, E,. Figure 5.10b plots 

the results in terms of the volume strain, versus shear strain, These tests displayed 

the typical response of dense sand response to shearing. The deviator stress increases to 

the peak value, and then decreases, approaching a constant value of shear stress at shear 

strains typically beyond those reached in these tests. The specimen compressed initially 

(positive value of volume strain), to a transition, then it expanded with further increases 

in shear strain. 

T h e e  of the seven tests included some unload-reload testing. These were: Tl828 (radial 

stress of 1.5 1 MPa), T l  829 (radial siress of 3.8 MPa) and T 1 83 1 (radial stress of 5.12 

MPa). Values of the initial, transition, peak and end of test conditions are included in 

Tables 5.3 through Table 5.6. Similar to the tests on Ballotini, the following trends were 

noted in these seven tests on 'Frac' sand: 

1. The peak deviator stress value increased with increased radial stress. The peak 

deviator stress was 4-44 MPa, 5.36 MPa, 6.47 MPa, 9.56 MPa, 11 -84 MPa, 9.93 MPa, 

and 15-09 MPa for radial stresses of 1.5 1 MPa, 2.05 MPa, 2.45 MPa, 3.8 MPa, 5.03 

MPa, 5.1 2 MPa and 7.0 1 MPa, respectively. 



The shear strain at transition increased with increasing radial stress. The shear strain 

at the transition was 0.76%, 0.93%, 1.03%, 1.1294, 1.82%, 1.08% and 2.28% for 

radial stresses 1.51 MPa, 2.05 MPa, 2.45 MPa, 3.8 MPa, 5.03 MPa, 5.12 MPa and 

7.0 1 MPa, respectively. 

The shear strain at which the peak deviator stress occurs is increased by increasing 

radial stress. The shear strain at the peak deviator stress was 3.41%, 4.02%~~ 4.17%, 

3.82%, 4.22%, 3.98% and 4.36% for radial stresses of 1.51 MPa, 2.05 MPa, 2.45 

MPa, 3.8 MPa, 5.03 MPa, 5.12 MPa and 7.0 1 MPa, respectively. 

Dilatacy (volume expansion during shear) decreased with increasing radial stress. 

Volume strain rates were approximately constant. Volume strains decreased 

with increasing radial stress. 

In these tests, changes in the grain size distribution following testing were noted. Tests at 

higher stress levels appeared to have more changes to the grain size than tests at lower 

stress levels. Further discussion of these changes is included in section 5.5. 

5.4.4 6S°C Tests on 'Frac' Sand 

Seven triaxial compression tests were conducted on 'Frac' sand at 65OC. The initial 

conditions for the tests are shown in Table 5.3. They are: test designation, temperature, 

final specific volume (initial for the shear phase), final mean stress (constant radial stress) 

and final specific volume (initial specific volume for shear phase). The initial specific 



volume, V at the start of shearïng, ranged from 1.4759 to 1.4849. The radial stresses used 

in the tests were: 1.51 MPa, 5.02 MPa, 2.48 MPa, 6.02 M'Pa, 3.75 MPa, 3.65 MPa, and 

7.14 MPa. 

Results of the seven triaxial compression tests are pIotted in Figure 5.1 1. Figure 5.1 1 a 

plots the results in terms of deviator stress, q versus shear strain, es. Figure 5.1 1 b plots 

the results in terms of the volume strain, E~ versus shear strain, These tests displayed 

typical response of dense sand to shearing. The deviator stress increases to the peak 

value, and then decreases, towards a constant value of shear stress at large strains. The 

specimen compressed initially (positive value of volume strain), to a transition, then it 

expanded with fürther increases in shear strain. 

Two of the seven tests included some unload-reload testing. These were: Tl 814 (radial 

stress of 1.51 MPa) and Tl830 (radial stress of 3.65 MPa). Values of the initial, 

transition, peak and end of test conditions are included in Tables 5.3 through Table 5.6. 

Similar to the tests on Ballotini, the following trends were noted in these seven tests: 

1. The peak deviator stress value increased with increased radial stress. The peak 

deviator stress was 4.25 MPa, 6.53 MPa, 9.00 M a ,  9.23 MPa, 1 1-76 MPa, 12.52 

iMPa, and 15.57 MPa for radial stresses of 1.5 1 MPa, 2.49 MPa, 3.65 MPa, 3.28 MPa, 

5 .O3 MPa, 6.02 MPa and 7.14 MPa, respectively. 

2. The shear strain at transition increased with increasing radial stress. The shear strain 

at the transition was 0.86%, 1.47%, 1.12%, 1.33%, 2.1 1 %, 3.07% and 1.96% for 
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radial stresses 1.51 MPa, 2.49 MPa, 3.65 MPa, 3.28 MPa, 5.03 MPa, 6.02 MPa and 

7.14 MPa, respectively. 

3. The shear strain at which the peak deviator stress occurs is increased by increasing 

radial stress. The shear strain at the peak deviator stress was 3.94%, 3.99'0, 2.23%, 

3.87%, 3.7%, 4.13% and 2.96% for radial stresses of 1.5 1 MPa, 2.49 MPa, 3.65 MPa, 

3 -28 MPa, 5.03 MPa, 6.02 MPa and 7.14 MPa, respectively. 

4. Dilatacy (volume expansion during shear) decreased with increasing radial stress. 

Volurne strain rates &./& were approximately constant although some variation was 

noted, possibly representing diff~culties with the instrumentation at elevated 

temperature of 65°C. Volume strains decreased with increasing radial stress. 

In these tests, some changes in the grain size distribution following testing were noted. 

Tests at higher stress levels appeared to have more changes to the grain size than tests at 

lower stress leveis. Further discussion of these changes is included in section 5.5. 

5.4.5 100°C Tests on 'Frac' Sand 

Six triaxial compression tests were conducted on 'Frac' sand at 100°C. The initial 

conditions for the tests are shown in Table 5.3. They are: test designation, temperature, 

final specific volume (initial for the shear phase), final mean stress (constant radial stress) 

and final specific volume (initial specific volume for shear phase). The initial specific 



volume, V at the start of shearing, ranged fiom 1.47 16 to 1.4936. The radial stresses used 

in the tests were: 2.57 MPa, 1.56 MPa, 3.91 MPa, 4.93 MPa, 2.62 MPa, and 7.04 MPa. 

Results of the six triaxial compression tests are plotted in Figure 5.12. Figure 5.12a plots 

the results in terms of deviator stress, q versus shear strain, E ~ ,  Figure 5.12b plots the 

results in terms of the volume strain, cv versus shear strain, E ~ .  These tests displayed 

typical response of dense sand to shearing. The deviator stress increases to the peak 

value, and then decreases, approaching a constant value of shear stress at large strain. 

The specimens compressed initially (positive values of volume strain), to a transition, 

then they expanded with further increases in shear strain. 

Two of the seven tests included some unload-reload testing. These were: Tl827 (radial 

stress of 1.56 MPa) and Tl832 (radial stress of 3.91 MPa). Values of the initiai, 

transition, peak and end of test conditions are included in Tables 5.3 through Table 5.6. 

Similar to the tests on Ballotini, the following trends were noted in these six tests: 

1. The peak deviator stress value increased with increased radial stress. The peak 

deviator stress was 3.03 MPa, 4.88 MPa, 4.99 MPa, 7.05 MPa, 8.83 MPa, and 11.98 

MPa for radial stresses of 1 -58 MPa, 2.57 MPa, 2.62 MPa, 3.9 1 MPa, 4.93 MPa and 

7.03 MPa, respectively. 

2. The shear strain at transition increased with increasing radial stress. The shear strain 

at the transition was 1.57%, 1.24%, 0.98%, 1.75%, 1.74% and 2.00% for radial 



stresses of 1.58 MPa, 2.57 MPa, 2.62 MPa, 3.91 MPa, 4.93 MPa and 7.03 MPa, 

respectively. 

3. The shear strain at which the peak deviator stress occurs is increased by increasing 

radial stress. The shear strain at the peak deviator stress was 3.33%, 3.55%, 3.33%, 

3.55%, 3.84% and 2.89% for radial stresses of 1.58 MPa, 2.57 MPa, 2.62 MPa, 3.91 

MPa, 4.93 MPa and 7.03 MPa, respectively. 

4. Dilatacy (volume expansion during shear) decreased with increasing radial stress. 

Volume strain rates &,/&, were approximately constant although some variation was 

noted, possibly representing diffkulties with the instrumentation at elevated 

temperature of 100°C. Volume strains decreased with increasing radial stress. 

In these tests. some changes in the grain size distribution following testing were noted. 

Tests at higher stress levels appeared to have more changes to the grain size than tests at 

lower stress Ievels. Further discussion of these changes is included in section 5.5. 

5.5 Sieve Analysis Results 

5.5.1 Introduction 

AAer completion of most isotropie compression and triaxial compression tests sieve 

analysis was performed on the tested specimen to determine if grain crushing occurred 

during the test. 



5.5.2 Isotropic Compression 

A summary of the maximum mean stress levels applied throughout the tests as well as the 

breakage potential, total breakage and relative breakage is given in Table 5.7. Sieve 

analysis results for Ballotini before and after test TI839 are plotted in Figure 5.13a. 

Sieve analysis results for 'Frac' sand before and after the five separate isotropic 

compression tests, are shown in Figure 5.13b. As can be seen in Figure 5.13, very little 

change to the grain size distribution took place in the isotropic compression tests; no 

grain cmshing occurred. 

5.5.3 Triaxial Compression 

A summary of the maximum mean and deviator stress levels applied throughout the test, 

as well as the breakage potential, total breakage and relative breakage are given in Table 

5.7. Sieve analysis results on Ballotini used in triaxial compression tests at room 

temperature, are shown in Figure 5.14a. Sieve analysis resuIts on 'Frac' sand used in 

triaxial compression tests at room temperature are s h o w  in Figure 5.14b. Sieve analysis 

results on 'Frac' sand used in triaxial compression tests at 6S°C are shown in Figure 

5.15a. Sieve analysis results on 'Frac' sand used in triaxial compression tests at 100°C, 

are shown in Figure 5.1 Sb. As shown in Figures 5.14 and 5.15 some changes to the grain 

size distribution were recorded. In the tests performed at the highest values of radial 
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stress, changes of individual grain size up to 5% by weight were recorded with some of 

the smaller grain sizes. The amount of recorded grain crushing was larger values of 

confining pressure were higher. 



Chapter 6 Triaxial Compression Testing: Interpretation 

6.1 Introduction 

This chapter presents an elastic-plastic interpretation of the testing results presented in 

Chapter 5. Some results fiom one dimensional compression testing presented in Chapter 

4, are used in this chapter to define parameters for the elastic plastic model. The base 

elastic plastic model used in this chapter is Cam Clay, as described by Roscoe and 

Burland (Wood 1990). 

As discussed in Chapter 2, the main deficiency of the Cam Clay model when applied to 

sand is the apparent lack of a normal compression line in the stress range of most 

geotechnical problems. In addition, determination of the critical state line from triaxial 

compression tests on dense sand, is more difficult than testing loose sand, due to the 

formation of shear bands. Despite the difficulty of determining the critical state line for 

dense sand, provided some modifications are incorporated, the Cam Clay mode1 can be 

successfûlly used to model sand behaviour. 

The Cam Clay model, like al1 elastic plastic models, makes the fundamental assumption 

that strain can be divided into elastic and plastic components. In the Cam Clay model a 

yield surface defines the transition fiom elastic behaviour fiom plastic behaviour. Dense 

sand or overconsolidated clay sheared beyond failure leads to plastic softening and 



reduction of the elastic region, while loose sands and normally consolidated clays 

produce plastic hardening and increased regions of elastic behaviour. 

Due to the research needs of AECL the two sands ('Frac' sand and Ballotini) tested in 

triaxial compression in this program, were prepared to be consistently dense and therefore 

dilative in shear. Although a dense sand c m  be contractive if the applied mean stress 

large enough, al1 tests in this program were dilative and shear bands developed 

throughout the testing. 

6.2 Particle Breakage 

Modification of the individual particles due to high stresses was not part of the original 

Cam Clay mode1 formulation. Cam Clay was deveIoped for soils tested in low to 

medium stress ranges, that is, pnor to the development of grain crushing. 

Changes to particle size distribution were measured in eight of the 18 triaxial 

compression tests on 20-40 'Frac' sand. Only two of the 20 triaxial compression tests on 

'Frac' sand did not include, a post-test sieve analysis. A swnmary of particle breakage 

which occurred in the triaxial compression shear test was given in Table 5.7. The amount 

of grain cmshing which occurred in each test, and whether or not grain crushing occurred, 

varied with the applied stress. No consistent variation of grain crushing with temperature 

was nored in this testing (Appendix A). Grain cmshing was not measured in any of the 



isotropic compression testing ('Frac' sand or Ballotini), nor any of the triaxial 

compression testing on Ballotini, For the triaxial compression testing on 'Frac' sand, 

particle breakage occurred in the tests with high applied stresses. A plot of the maximum 

mean and deviator stresses applied to the 'Frac' sand specimens is presented in Figure 

6 . h  The figure indicates whether particle breakage occurred or not. With one 

exception, the combination of mean stress and deviator stress at failure at which particle 

breakage began in these tests, was approximately p = 8 MPa and q = 10 MPa (this 

corresponds to an initial radial stress of approximately 4.7 MPa). In contrast, isotropic 

compression testing up to a mean stress of 10.4 MPa did not result in any measurable 

particle breakage. Testing 'Frac' sand in one dimensionai compression (Chapter 4) 

indicates that particle breakage starts to occur at an axial stress of 25 MPa, corresponding 

to a rnean stress of 15 MPa based on a & of 0.4. 

The maximum mean stress which was applied in the tests on 'Frac' sand, has been plotted 

açainst the relative breakage in Figure 6. lb ,  defined in section 2.8. Although there is 

considerable scatter in the results this figure highlights the intuitive relationship that more 

grain cmshing occurs when the applied stress is greater. Coop and Lee (1994) plotted a 

similar relationship for weaker grained carbonate sands. They developed two separate 

relationships, one for isotropic compression and another for maximum mean stress in 

shearing. The two lines were drawn parallel in the Br versus p space used in Figure 6.1 b. 

It is thought that this reflects the parallel behaviour of the NCL and CSL once grain 

crushing is initiated. Coop's research on carbonate sand showed that the NCL is only 

defined when the stresses are suficiently high to produce grain crushing. Typically, pnor 
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to Coop's reseamh, sand was considered to have NCLs that extended over al1 values of 

mean stress. The Cam Clay model assumes that the NCL and CSL are parallel. Coop's 

research suggests this is only tme afier grain crushing has been initiated. 

6.3 Cam Clay Interpretation 

6.3.1 Isotropic Compression 

In Cam Clay, isotropic compression testing is used to derennine three of the six 

parameters used in the model. These three parameten are VA, A and K, the definitions of 

which were given in Chapter 2. The parameters VA and A define the position of the NCL, 

and K defines the behaviour of an overconsolidated soil. 

Stress-strain behaviour of a soil on its NCL has both elastic and plastic components, with 

the plastic strains being dominant. In Cam Clay, isotropic compression at stresses lower 

than required to develop the NCL, is strictly 'elastic'. The slope of the initial loading 

curve for sand varies with the initial specific volume (Figure 2.7). Due to the narrow 

range of initial specific volumes tested in this program, 1.4818M.0057, the specific 

volume effect was not seen in this testing. Isotropic compression testing of the 'Frac' 

sand and Ballotini showed that some plastic strains were developed at large stress levels 

(Figure 5.3b). It was concluded that the isotropic compression tests could not be used to 

define NCL as the applied stress levels did not induce grain crushing. The value of h can 
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also be calculated fiom the slope of the CSL, as it is parailel to the NCL. Large volume 

strains during shear meant that end-of-test vaiues could be used to evaluate the CSL and 

hence h. 

Results presented by Coop (1990) showed that there is a NCL in sands, but that it is 

defined from the particle crushing behaviour, as shown in Figure 2.9. Coop also showed 

that the slope of the NCL, A, is approximately equal to the slope of the grain crushing 

region of the one dimensional compression test, plotted in the same space. The line 

defining crushing behaviour in one dimensional compression plots to the left of the NCL, 

as shown in Figure 2.9. 

Typically in CSSM when plotting the natural logarithmic of mean stress versus specific 

volume, the stress data is given in kPa, this convention was followed in this thesis report. 

Prior to plotting the data the natwal logarithm of the value of mean stress was calculated. 

These values were then plotted versus specific volume. 

In order to obtain another estimate of the value of h for the Cam Clay model, fkther 

examination of the 1-D compression testing was performed. Results frorn a 1-D 

compression test, as well as two of the isotropic compression tests are plotted in Figure 

6.2a. From this figure, it is apparent that the sand tested in 1-D compression has gone 

through a change in material behaviour at about 36.3 MPa, the 1-D compression data was 

converted to mean stress based on & = 0.4. The isotropic compression tests did not 

reach this level but are broadly similar in the pre-yield range. Coop and Lee did 1-D and 
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isotropic compression testing on a carbonate sand and found that the transition fiom non- 

crushing to crushing behaviour occurred on the weaker grained sand at a pressure of 

about 600 kPa in 1-D compression and about 800 kPa in isotropic compression. 

Therefore the stress Ievel at which 'Frac' sand will begin to crush (which defines the 

NCL) can be expected to be greater than 36.3 MPa in isotropic compression. Based on 

the slope of the grain crushing region of the three 1-D compression tests, the value of A 

for 'Frac? sand is 0.108. 

Data from isotropic and 1-D compression tests on Ballotini are plotted in Figure 6.2b. 

They indicate that the transition to crushing behaviour was not reached in either of the 

test types at pressures up to 40 MPa. Based on grain size andysis, there was no measured 

particle cmshing in these tests. Therefore, the slope of the NCL could not be defined 

from either test. 

In order to define the isotropic elastic behaviour prior to reaching yield at the NCL, the 

Cam Clay mode1 uses a 'K' line with a slope of K in specific volume versus mean stress 

space. In remolded clay soils, the initial slope of isotropic compression results can be 

used to define the K line. Normaily, the behaviour of the soi1 when unloaded and 

reloaded in used to define the K line. Using the unIoad-reload portion of the isotropic 

compression tests in this program (Ferris and Graham 1996 e,f) , the slope of the K line 

for 'Frac' sand is K = 0.0065. The calculated K value for Ballotini is 0.0092. 



The end of consoiidation for al1 the tests on 'Frac' sand are plotted in Figure 6.3a. The 

best fit Iine for these data has a slope of 0.0063, which compares well with the value 

calculated fkom the unload-reload behaviour of the isotropic compression tests. As 

previously discussed, the slope of the isotropic compression test results depends on the 

initial specific volume. The agreement between the values of 0.0065 obtained from the 

unload-reload plots and the 0.0063 obtained fiom the end-of-consolidation resutts is 

expected since al1 of the initial specific volumes were within a narrow band near the 

minimum specific volume of the dense sand that was tested. 

The end of consolidation for the tests on Ballotini are plotted in Figure 6.3b. Due to the 

limited number of tests and the scatter of the results, a cornparison of the best fit line to 

the calculated slope of the K line was not performed. 

6.3.2 Triaxial Shearing 

The shearing phase of the triaxial compression test is used to define three additional 

parameters of the Cam Clay model, G, M and N. Definition of the parameters was given 

in Chapter 2. The terrn N locates the CSL (witn slope 1) in specific volume versus h p  

space, G defines the shear stiffness within the yield surface, and M defines the ratio of 

deviator to mean stress at the CSL. Since the slope of the NCL was not defined by the 

isotropic compression testing on Ballotini, determination of the slope of the CSL will be 

used to define the slope of the NCL since the two are parallel in the Cam Clay model. 



ResuIts from the end of test on 'Frac' sand, (ignoring any final unloading data) are shown 

in Figure 6.4a plotted as specific volume versus In p space. The data were separated 

according to whether grain crushing occurred or not. While there is considerable scatter 

in the data in the figure, it should be remembered that the range of specific volume is 

smaI1, close to the limit of where it can be successfully measured. Linear interpretation of 

each of the data sets plotted in Figure 6.4a, suggest that two distinct responses to stressing 

occurred, one stiff, and one more compressible. The two different types of behaviour 

were separated at a mean stress of 7.6 MPa. The slope of the end of test envelopes were 

0.028 and 0.219 for non grain crushing and grain crushing behaviour, respectively. From 

the assumed parallel nature of the NCL and CSL the later number is believed to represent 

the dope A. 

The slopes of the NCL, CSL and results from a 1-D compression test that are plotted as 

specific volume versus ln p are approximately equal (Coop 1990, Atkinson 1993). 

However in this case, the value of k. from 1 -D compression tests was 0.108, versus 0.2 19 

calculateci from the end of test results from triaxial shearing tests. These values are 

different by a factor of 2. Possible explanations for this difference include: 

1.  Yielding due to grain crushing began at about 7.6 MPa and the maximum p was only 

12 MPa, meaning that the h was estimated fkom only a short length of the specific 

volume versus ln p curve; 

2. Difficulties associated with detemining the CSL from dense sand, because of the 

development of shear bands; and, 



3. In the 1-D compression results & may change when grain cmshing occurs, this will 

change the conversion fiom vertical stress to mean stress space. 

Although these problems exist, it is considered that the end of test values are the best 

available estimate of the slope of the CSL. 

In order to define the CSL in specific volume versus mean stress space, the value of r, 

(the specific volume at a mean stress of 1 P a )  needs to be defined. The calcutated value 

of Gamma was 1.8701 and 2.9551 for 'Frac' sand and Ballotini respectively. For 'Frac' 

sand, the gamma value is defined for the non grain crushing region of the CSL. 

No consistent effects from temperature on either the grain crushing or the slope of the end 

of test values were observed (Appendix A). 

The end of shearing results from the tests on Ballotini, plotted in terms of specific volume 

versus In p space, are shown in Figure 6.4b. As noted previously, no grain cmshing was 

noted in the tests on Bailotini, therefore the slope of the CSL could only be defined in the 

non-grain crushing region. The siope of the CSL in Figure 6.4b corresponds to iL of 

0.148. 

Figures 6.5a and Figure 6.5b plot values of initial specific volume and mean stress at the 

end of consolidation for 'Frac' sand and Bailotini respectively. The figures also show the 

calculated CSL's that were inferred fiom Figures 6.4a and 6.4b, respectively. These plots 

show that the state of the sand pnor to triaxiai compression is 'dry', that is, on the dense 
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side of the critical state line. Based on the data in Figure 6.5% isotropic compression of 

the specimens along a kappa line to a mean stress of approximately 14.0 MPa would be 

required to produce loose (contractive) behaviour. 

Unlike some previous researchers Coop and Lee did not find any curvature of the CSL in 

q-p space, in their tests on carbonate sand. They postulated that any cwature  in the q-p 

plot is likely due to incomplete testing of the soil. In their triaxial compression tests on 

carbonate sands the initial mean stress varied up to 9 MPa, and grain crushing became the 

dominant mechanism at a mean stress as low as 0.6 MPa. In the tests reported here 

crushing began at a mean stress of 5.7 MPa and the maximum initial mean stress was 

approxirnately 7 MPa. Therefore, behaviour before grain crushing and after grain 

cmshing were exarnined separately. 

The end-of-test strength results for 'Frac' sand, separated according to grain crushing, are 

plotted as mean stress versus deviator stress in Figure 6.6a. The slope (M) of the linear 

fit (through the origin) of the data pnor to grain crushing is 1.15, and after grain crushing 

is 0.97. The transition stress between the two linearly interpreted lines to define the end 

of test envelope is, 4.8 MPa. This value is significantly lower than the transition in the 

speci fic volume versus mean stress space, 7.6 MPa calculated previousl y. 

In the three tests performed on Ballotini, the stress levels were not high enough to induce 

grain crushing Therefore, the end of test envelope plotted in Figure 6.6b which defines 

the CSL, is only defined pnor to grain cmshing. As in other plots of Ballotini data there 
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is some statter in the results. It is expected that if the stress levels were high enough, a 

bilinear Iine couid aiso be defined for Ballotini. The slope of the linear interpolation line 

(M) for these lirnited results, is 0.83. 

Triaxial tests on dense sand produce shear bands. As a result, there are always questions 

about the validity of the CSL determined fiom this type of test. A check on the CSL 

values in mean stress versus deviator stress space can be obtained h m  the transition 

point where the change in volume strain is instantaneously zero. This occurs relatively 

early in the test and has been correlated with CSL behaviour by Atkinson 1993. The 

transition point data are plotted along with end-of-test data for 'Frac' sand in Figure 6.7a. 

The transition point data plot slightly above the end-of-test data in this figure, indicating 

that the transition points suggest a higher ratio of qlp in this case. In the same way as the 

end-of-test data, the transition points were separated in terms of crushing and 

noncrushing, and linear interpolation was performed. The envelope of transition point 

data produces q (qlp) = 1.26 in the pre-crushing range, and a q = 1.17 in the post- 

cmshing range. The pressure at which behaviour changes to post-crushing behaviour is 

6.4 MPa. Compared to the value of 4.8 MPa from the corresponding end of test data, this 

value of 6.4 MPa is closer to the value calculated fiom the specific volume versus mean 

stress plot of 7.6 MPa. 

The transition data from the tests on BalIotini are plotted in q-p space, along with the end- 

of-test data in Figure 6.7b. The caiculated ratio of qlp fiom the transition point data is 

essentially the same as the ratio calculated fiom the end-of-test data. This re-confirxns 
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that in the pre-crushing region of stress, the CSL for Ballotini can be characterized by an 

M vdue of 0.83. 

As noted previously, a sand which shows dilative behaviour at low stress levels gradually 

changes to having compressive behaviour at high stress levels. Although the stress levels 

applied in this testing program were not high enough to produce compressive behaviour, 

there was a trend to less dilative behaviour at high confining stress. If in fact the 

behaviour had become compressive, the transition, peak and critical state conditions 

would have been coincident. Measured values for these three separate conditions are 

ploaed in terrns of stress ratio, q versus confining pressure in Figure 6.8a. As expected 

the trend of the data for al1 three conditions is for the stress ratio q to decrease with 

increasing values of initial radial stress. The data for the end-of-test condition are 

considerably more scattered and do not converge like the other two conditions, probably 

due to the formation of shear bands. The linear fits to the data frorn the transition and 

peak conditions meet at a confining stress of about 9.6 MPa. 

In general, more compressible sands require more strain to reach peak stress than dilative 

sands. Therefore, the strain required to reach the peak stress should increase as the 

confining stress increases (and modifies the behaviour fiom dilative to compressive). 

Figure 6.8b plots shear strain versus confining stress for 'Frac' sand at both peak stress 

ratio and the zero volume change rate transition point. The shear strain at which the peak 

stress ratio occurs varies only slightly in the tested range of stress. However, the shear 

strain at which the transition point is reached, increases with increasing confining 
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pressure. This indicates reduced brittleness. It is expected that once the strain at which 

the transition condition occurs is equal to the strain at the peak stress the sand can be 

considered compressive. The interpreted "transition" confining stress was calculated to 

be 14.0 MPa and 13.0 MPa fiom Figure 6.5a and Figure 6.8b, respectively. 

The data plotted in Figures 6.8a and 6.8b confirm that increases in confining pressure 

were changing the response of the sand fiom dilative to compressive. The consistency of 

the transition condition data as compared to the end of test data, makes them a better 

indicator of the CSL than end of test data, and were therefore used to define the CSL. 

Figure 6.9a and 6.9b surnmarize the strength envelope results for 'Frac' sand and 

Ballotini, respectively. The data show that the peak stress envelopes are greater than the 

criticaI state stress envelopes, but not by large amounts as measured in ternis of stress 

ratio, q=q/p. At the lower end of the stresses shown in Figure 6.9a for 'Frac' sand, there 

is a Iarger difference between the peak stress and critical state stress than at the upper end 

of the stress range. The difference is due to dilatancy which is inhibited at larger values 

of confining pressure. The data plotted in Figure 6.9b for Ballotini, should be considered 

incomplete. It is expected that with more tests, the resuIts would show a similar trend to 

that for 'Frac' sand. 

Dilatancy is the term used to describe volume expansion of dense granula soils, 

including sands, when sheared. Dense sand expands when sheared because the current 

specific volume is smaller than the specific volume on the CSL at the current value of 
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mean stress. Expansion during shearing beyond the peak stress increases the specific 

volume towards the value it would have on the CSL at the current value of stress. 

BoIton (1986) discussed the effects of dilatancy, and showed that the peak stress ratio was 

greater than critical stress ratio. He showed that at a given pressure, the initial density 

(relative density) controls the arnount of dilatancy which will occur when the sand is 

sheared. The lower the specific volume the more dilatancy that will occur at a given 

mean stress. A measure of the dilatancy angle for 'Frac' sand c m  be calculated fiom the 

difference between the slope M of the CSL and the q/p ratio at peak stress. This value is 

plotted Figure 6.10a versus the confining pressure. The data plotted in the figure indicate 

that the Ievel of diiatancy decreased as the confining pressure increased. As discussed 

previously, this reflects the transition fiorn dilative to compressive behaviour. The sarne 

effect is shown in a different rnanner in Figure 6.10b, which plots of the peak q l p  ratio 

verszcs the confining pressure. Also included on this figure is the critical state stress ratio. 

The difference between the critical state stress ratio and the plotted data is the dilatancy 

effect. 

The final parameter needed to complete the Cam Clay model, is the value of elastic shear 

rnodulus. It will be remembered that the Cam Clay rnodel assumes that elastic volurnetric 

strains due to changes of the mean stress are defined by the value of K, the current value 

of specific volume and the mean stress. For shear, it assumes that elastic shear strains are 

caused by changes to the deviator stress, and that these are related through a constant 



shear modulus G within the yield surface. That is, the volumetric and shear strains are 

uncoupled, and the material is isotropie. 

The shear modulus can be determined fiom the shearing phase of the triaxial test. Three 

different approaches were used to calculate the shear modulus for the 'Frac' sand; 

1. based on the peak deviator stress, taken as the secant modulus, q / ~ ,  at peak q; 

2. based on the strain at 50% of the peak deviator stress, calculated as the secant 

modulus between the start of shearing and the 50% pf peak deviator stress; and, 

3. based on the slope of unload-reload segments of the stress strain curve. 

Values of shear modulus calculated for each of these conditions are swnmarized in Table 

6.1. The column of shear modulus calculated from unload-reload segments has multiple 

entries when multiple doad-reload cycles were performed. 

Regression shows the the shear moduIus calculated based on the peak deviator stress, is 

approximateIy related to the initial mean stress by the equation 3G = 64.2 or, where c, is 

the confining pressure. This relationship is shown in Figure 6.1 la. Similariy, the 

relationship was calculated to be 3Gso = 214.9 a, for data from the secant modulus at 

50% of maximum deviator stress. The data are shown in Figure 6.1 1 b. These two 

figures are evidence that the shear modulus depends on the confining pressure during the 

test, to which deviator stresses are added. In contrast with the Cam Clay model, the shear 

modulus does not appear to be constant. Shear strain and pressure level both affect the 

value of the shear modulus. 



Calculated values of the shear rnodulus at both peak stress and 50% of the peak are 

shown in Figure 6.12a and Figure 6.12b, respectively stress for Ballotini. Similar to the 

data fiom 'Frac' sand testing shown in Figure 6.1 1, the shear modulus depends on the 

initial mean stress. The limited data suggest the relationships between confining pressure 

and shear modulus are 3G = 49.3 or for peak deviator stress data and 3G = 146.5 a, for 

secant modulus at 50% of the peak value of deviator stress. 

Values of shear modulus calculated fiom unload reload cycles on 'Frac' sand (listed in 

Table 6.1) are plotted versus the confining pressure in Figure 6.13. The calculated linear 

relationship for this data is 3G = 208.2 0, which is very similar to the data fiom the 50% 

of the peak, although there is large scatter in the data. As shown in Figure 6. I3 the 1inea.r 

relationship between the initial radial stress and shear modulus is not strong. A numeric 

average of the data 3G = 761.0 MPa has a similar correlation factor to the hea r  

correlation with confining pressure. 

The unload-reload testing performed on the 'Frac' sand avoids the effects of initial fabric 

due to the specirnen formation. It should therefore be a better estimate of the shear 

modulus. Based on the results for 'Frac' sand shown in Table 6.1, the unload-reload data 

are sirnilar to the modulus calculated fiom the 50% peak deviator stress. For Ballotini, 

the average of the 50% peak deviator stress was used to define the shear modulus. This 

produced a value of 3G = 762.6 MPa. 



Results presented in Figures 6.1 1, 6.12 and 6.13 show that a relationship exists between 

the behaviour in shear and confining pressure. Although the initial specific volumes for 

al1 the tests were within a narrow range for 'Frac' sand, the differences in shear modulus 

with confining pressure indicates behaviour inconsistent with the Cam Clay model. As 

stated earlier, the Cam Clay model uses only one value for the shear modulus. From the 

calculated values of shear rnodulus, the best interpretation of shear modulus for use in a 

generalized Cam Clay model would be the average value at 50% peak strength and the 

unload-reload value. This produces 3G = 761 MPa. 

The test data on 'Frac' sand indicate that as the confining pressure is increased the 

stiffness increases, as shown in Figure 6.1 1 and Figure 6.12, but the peak strength ratio 

decreases. as shown in Figure 6.10b. 

The bilinear CSL cwve shown in Figure 6.4a involves a necessary modification to the 

Cam Clay model. SimiIar non-linear CSLs have been noted by Vesic and Clough (1968) 

and Lee and Seed (1967). The non-linear CSL was attributed by those researchers to 

variations in the components making up the shear resistance, namely sliding friction, 

dilatancy and grain crushing. In this thesis report, the CSL has been treated as bilinear, 

with a change in slope at the mean stress defining the onset of grain crushing. Grain 

crushing in the 'Frac' sand began at a mean stress of approximately 7 MPa. Prior to grain 

crushing. the CSL can be described by the equation V=1.8701-0.028 Znp. The parameter 

= 1.62 17 combined with the transition stress of 7 MPa define the change in slope of 
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the CSL. At stresses larger than 7 MPa the CSL is defined by the equation V = 1.621 7 - 

0.108 Znp. Similarly in q-p space, the CSL is defined by the slope M = 1.26 prior to grain 

crushing and M = 1.17 f i e r  grain crushing. Table 6.2 summarizes of the Cam Clay 

parameters used to describe the 'Frac' sand and the Ballotini tested in this program. 

Parameters missing fiom this table could not be determined fiom the test program that 

was perfonned. 

6.4 Cam Clay Modifications 

6.4.1 Shear Modulus 

Previous sections of this chapter have proposed modifications to the basic Cam Clay 

model to reflect changes in the CSL in both q-p plots and V-lnp plots due to grain 

crushing. Although a single-value was given in Table 6.2 for the shear modulus 3G = 760 

MPa, cornparison of the data in figures 6.1 1 and 6.12 shows the shear rnodulus depends 

on strain levels. The single value shear modulus used in the Cam Clay model should 

clearly be modified in order to model the observed behaviour more effectively. Section 

6.4.1 outlines an approach which expresses the shear modulus as a fünction of shear 

strain and uses this relationship to define 'pre-failure' behaviour of 'Frac' sand and 

Ballotini. 



Many laboratory and field programs have shown that small-strain behaviour during pre- 

failure deformation can not be described by a constant shear modulus, but that the shear 

modulus varies wjth the amount of strain. This produces 'G-y' relationships such as 

those shown by Iwasaki et al (1978) and Jardine et al. (1986). 

Variations in the shear modulus with strain Ievels was first reported in literature in 1979 

by Simpson et al.(1979). Description of the pre-failure deformation of soils has received 

increasing attention over the last decade, and the consensus regarding the small strain 

behaviour is that there are different phases of behaviour. The first at very small strains is 

truly elastic behaviour. The behaviour was modeled by Al-Tabbaa and Wood (1989) 

using an imer Cam Clay ellipse to define the truly elastic behaviour. 

The shear stiffness can be calculated incrementally in successive segments in plots of q 

verszrs shear strain. When this is done for Ballotini throughout the initial parts of the 

shear tests, the results reveal that the shear modulus is approximately constant initially, 

and then gradually decreases to zero, as shown in Figure 6.14a. In the three tests on 

Ballotini, values of the initial incrementally calculated shear modulus are approximatety 

190 MPa, 260 MPa and 400 MPa for confining pressures of 2.50 MPa, 5.0 MPa and 

7.55 MPa, respectively. 

The results of the initial loading on 'Frac' sand were similarily calculated and plotted in 

Figure 6.14b, Figure 6.15a and Figure 6.15b for the low, medium and high stress ranges 

of the tests. The calculated shear modulus is approximately constant, then reduces to 
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approximately zero. From these three figures, the initial value of the incrementally 

calculated shear modulus is approximately 200 MPa, 300 MPa, 400 MPa, 450 MPa and 

600 MPa for confining pressure values of 1.5 MPa, 2.5 MPa, 3.75 MPa, 5.00 MPa and 

7.00 MPa, respectively. As is comrnon with the instrumentation and plotting that were 

used, there is considerable statter in the data. 

As previously discussed, unioad-reload cycles were performed during some of the triaxial 

compression tests. Plots of the incrementaily calculated shear modulus versus shear 

strain for the reloading portion of the tests are shown in Figure 6.16. Based on reloading, 

the initial incrementally calculated shear modulus is approximately 300 MPa, 500 MPa 

and 800 MPa for confining pressure values of 1.51 MPa, 3.7 MPa and 5.00 MPa, 

respectively. These values are sIightly higher than those calculated from the initial 

Ioading segments of the test. Particle rearrangement and particle crushing during the 

initial loading are likely causes of the observed increase in stiffness at low strain levels. 

As mentioned earlier, the single shear modulus used by Cam Clay to describe pre yield 

stiffness is inappropriate. An 'S' shapes curve should be incorporated into the model, 

such as described by Jardine et al. (1986). Further analysis was therefore undertaken on 

the data shown in Figures 6.14 through 6.16 to reduce the scatter introduced by 

insensitivity of the instrumentation when successive data points are used to calculate the 

shear modulus 3G. For example, Figure 6.17a shows moving average (six adjacent 

values) of shear modulus plotted versus the shear strain for the Ballotini tests. This plot 

shows, as with the raw data, that the general shape of the three test curves is similar. The 
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starting values are different corresponding to three different confining pressures. When 

the data shown in Figure 6.17a are normalized by dividing the 3G values by the initiai 

shear modulus in each of the tests, the curves are closely similar as shown in Figure 

6.17b. This figure shows that in a drained triaxial compression test on Bailotini, the limit 

of tmly linear elastic shear behaviour is bounded by a shear strain of about 0.2%. At 

shear strain levels beyond 0.2% the shear modulus reduces to a value of zero at a strain of 

3%, corresponding approximately to the peak deviator stress. Figure 6.18 plots the linear 

relationship 3G,, = 93.269 + 36.56 Cr between the initial shear modulus and the 

confining pressure. 

A similar approach was taken to evaiuating the initial loading behaviour of 'Frac' sand. 

The moving average (six data points) of the cdculated shear modulus for the 'Frac' sand 

tests are plotted in Figure 6.19a. The data are then repiotted in Figure 6.19b as the 

moving average normalized by the maximum shear modulus expenenced at the beginning 

of each of the tests. While the data may at first sight appear highly scattered, it is possible 

in Figure 6.19b to identiQ a fairly constant initial range up to a shear strain of about 0.2% 

and thereafier a S-shaped curve decreasing to zero at 3.0%. Figure 6.20 plots the 

relationship between the maximum shear modulus and the radial stress. A linear 

relationship 3G,, = 191 -41 + 34.94 or was calculated from this data. 



6.4.2 Isotropic Compression 

Other researchers have shown that the behaviour of sand in isotropic compression appears 

to be controlled by the initial specific volume and to a lesser extent by the stress range 

through which the specimen is loaded. Although the triaxial testing descnbed in this 

thesis report did not reach pressure levels where grain crushing occurred, other 

researchers have reached such levels. Based on the literature review and sorne testing 

results in Section 6.4.2 a set of equations is proposed to describe the isotopic compression 

behaviour of sand prior to grain crushing. 

The testing program for this research project was performed on dense 'Frac' sand 

prepared with an average initial specific volume of 1.4818. Isotropic compression 

behaviour from other publications in the literature, Figure 2.7 and 2.8, show that for large 

ranges of stresses and initial specific volumes: 

1. at low stresses the responses to stress increases were similar for al1 values of initial 

specific volume. 

2. dense specimens showed only a minor change in the response to stressing until large 

values of stress were reached. 

3. Ioose specimens showed significant change in the response to stress increments, 

larger changes in specific volume for the same increment of stress change when stress 

levels were higher. 



4. results for al1 isotropic compression tests converge at an NCL at high stress levels, at 

the onset of behaviour dominated by grain crushing. 

Although this test program examined only a narrow range of the possible specific 

volumes, corresponding to the very dense specimens required by the research needs of 

AECL, it was clear that the Cam Clay model did not effectively describe the observed 

behaviour in isotropic compression. From previous research, the NCL in sands is defined 

only in the grain crushing region (Coop and Lee, 1993). The basic Cam Clay model 

treats behaviour prior to the NCL as elastic, defined by a K-line. The data presented in 

Figure 5.4b for tests performed on 'Frac' sand clearly show that this is not the case. 

Most geotechnicai projects are in non-calcareous sands and operate at stresses below 

those required for grain crushing. The following section presents equations that describe 

the isotropic behaviour observed in this test program. The equation uses: (1) the slope of 

the K line; (3) the slope, of the NCLKSL; (3) the mean stress, p, that defines grain 

crushing on the NCL; and, (4) the minimum and maximum specific volumes that describe 

the behaviour of sand prior to the initiation of crushing. The specific volume and mean 

stress at the onset of crushing defines the initiation of the NCL. 

Using this fmework the equations defining the isotropic compression behaviour 

become; 



1. V = Vj- - hinp, for stresses beyond the crushing mean stress, pc, and 

2- V = VO - ~lnp((pc-p)/pc))((vm - V)/(Vm - Vmin)) Ilnp(@)/pc)(Or-vmin)l(V, - 

V,,,)), for stresses less than the cmshing mean stress. 

In equations 1 and 2: 

p, is the value of mean pressure at which grain crushing begins in isotropic 

compression. 

V, is the initial specific volume 

V is the current specific volume 

p is the current mean stress (kPa) 

Vmi, is the minimum specific volume 

V,, is the maximum specific volume 

Vcwh is the specific volume which with the cmshing mean stress defines the start 

of the NCL. 

Values for these parameters as determined from this testing program are shown in Table 

6 The mean stress that would define the start of the NCL, p, was estimated as 45 MPa 

for these calculations. Two values are given in Table 6.3 for k, one value determined one 

dimensional compression and the other from the grain-crushing region of the CSL. 

Using the above equation (2) and the parameters calculated for 'Frac' sand, predictions of 

the isotropic compression behaviow can be made for the entire specific volume range. 

Results of the use of equation and the constant parameters listed in Table 6.3 (with h = 

0.108) are plotted in Figure 6.21. The results of using this equation match well 
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experimental results of sand tested over the fiil1 range of initial specific volume in the 

tests. That is, initial1y loose sands experience more significant volume reductions with 

increased confining pressure than dense sand. Also in the low confining pressure region, 

al1 the specimens are quite stiff. Results of the use of the equation, shown in Figure 6.2la 

compare well with measured results, as shown in Figure 2.8. The equation was then used 

to compare to the measured initid loading fiom the isotropic compression tests. The test 

data are plotted alongside the equation predictions in Figure 6.21b. The equation 

predictions plotted in Figure 6.21b are for both h = 0.108 and A = 0.219. From a carefiil 

examination of the data it appears that the use of A = 0.108 better captures the overall 

slope of the measured data, but neither captures the initial loading. 



Chapter 7 Conclusions and Recommendatioas for Further Research 

7.1 Conclusions from the Testing Program 

Drained triaxial compression tests were performed on two quartz sands; 'Frac' sand and 

Ballotini. These ~ W O  sands are candidate fillers for stiffening thin walled canisters which 

may be used to contain spent nuclear fuel. The testing program was performed to 

detemine strength and deformation properties of the sands under high stress and high 

temperature conditions. Al1 tests were performed on air dry, dense specimens. The major 

conclusions made during this experimental research can be summarized as follows: 

1. No temperature effects, were encountered for the tested temperature range of 27°C to 

100°C. 

2. Cam Clay can be used as a basis for modeling sand behaviour. However the basic 

mode1 needs some modifications as it does not capture al1 the different affects of 

behaviour. This is especially tnie for high stress levels and low strain levels. 

3. From triaxial tests, the critical state line is bilinear in V versus Znp space. The 

transition between the two lines corresponds with the onset of grain crushing at high 

stresses. 

4. The CSL is bilinear in q versus p space. Again the transition between the two linear 

portions is due to grain crushing at high stresses. 



5. The behaviour of the sand tested at high stresses in the 1-D compression tests is 

dominated by the onset of grain crushing which produces a yield point. At stresses 

greater than the start of grain crushing, relatively large plastic deformations result 

from increases in the applied stress. Grain crushing began, for the 'Frac' sand, at an 

appIied axial stress of 36.6 MPa in 1-D compression. In triaxial tests it began under a 

combined stress state of approximately 8 MPa mean stress and a deviator stress of 

approximately 1 O MPa. 

6. The behaviour of sand pnor to the onset of grain crushing can be described using an 

equation which relates the current 'state' of the sand to the potential 'state' of the 

sand @rior to grain crushing). The equation provides a reasonable prediction of the 

response to stress increases based on the slopes of the NCL, slope of the K line and 

the onset of grain crushing. 

7.2 Recommendations for further research 

Recomrnendations for M e r  research include some recommendations which will heip 

define the specific soi1 properties used to define 'Frac' sand for modeling purposes. They 

also include fùrther research which will examine the behaviour of the sand at high 

stresses. The recommendations c m  be summarized as follows: 

1. Testing loose specimens of 'Frac' sand and Ballotini should be performed to aid in 

the definition of their CSL and the NCL. 

2. Effects of initial specific volume should be explored to confïrm the 'S' shaped cunres 

developed to describe the stiffness of 'Frac' sand and Ballotini at small strains in the 



pre-failure region. The initial stiffness (G,) should be defined for the range of 

possible initial specific volumes. 

Testing should be performed to define the shape of the yield surface defined by the 

onset of grain crushing. This should consist of testing dong  various stress paths in 

addition to isotropie compression. 

The effects of the initial specific volume on the grain crushing behaviour of the sand 

shouId be evaluated. 

Testing of sands in the regions of behaviour where crushing is dominant should be 

performed in a load controlled manner. Clay strength and deformation is rate 

dependent. Strength and defomation properties of sand in the grain crushing region 

may also be rate dependent, as yet no evidence is available. 

The effects of water on the crushing behaviour of sand should be examined. It is 

expected that the addition of water into the sand matrix will lower the stress levels 

required to begin particle cnishing. 
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[size limits (mm)] Material GS i Di (M'a) i p, (MPa) Dr (MPa) 
I 

L 

[0.6-0.4251 wedron sand2 - i 358 1 54.6 i -- 
--*---------------. -- - - - - - -  --...-p-P-- - 
[0.85-0.4251 Ottawa sandl i 2.65 379 1 22.8 1 1  450 

....................................... :--...:...,...,.....-----.-..----.-*.&----....-..--.---~---..---------.-*..-----.------~ 
[1.2-0.81 glass beads - i 640 27.3 -- 

............................ ' l r  ----;.- ---- f *- . --- 
[0.725-0.3 631 glass beads 1 2.5 1 827 1 48.3 7 13 790 

..............................,......-.....-..-2-....--- :--.-----..-;*-*------.--.-------------------------------- 
[0.3-0.021 g l a s  beads -- i 795 1 32.8 1 -- 

Di - confined modulus initial segment 

Dr - final confined modulus at extreme high stress 

' Hagerty et al. 1993 

Teper 1980 

p, - yield stress 

Gs - specific gravity 

Table 2.1 Results fiorn one dimensional compression testing of various materials 



e,,, - minimum void ratio 

e,, - mavimum void ratio 

G, - specific gravity 

p,, - maximum density 

pmin - minimum density 

Bp - breakage potential 

Table 3.1 Physical properties of materials tested 



I Test Material eo Id i Bp I Max. o, (MPa) 

-- 

Tl804 Ballotini i 0.5382 0.998 92.8 ; 40.3 

.---------------.---.-.-.--------.-------.---.--*--*---**-----.---.-..-----------.--.-.---------..-.-------.-----------.----.--.--.--------.-- 
Tl806 Ballotini / 0.5390 / 0.992 [ 92.8 ! 40.3 

.-.-.--.--.-----.---.-...---.a-- - --.---- * ----- - -....----*------ --.-vr-----.----.------ -.----- 
Tl808 i Ballotini i 0.5416 1 0.971 92.8 52.8 

......--..----...-..--*-*-------**.-*--------*-------..*-------..-----------.---~-.--..---**-~~.-*-*-*------..*-.----..-*-..-.--**---.------*.----.~-*~~-~~~~~~..~.-.-*~~. 

Tl81 1 1 20-40 sand / 0.4730 1 0.854 48.2 80.5 
.-.-..-.-..----...--..--...--..--..-.-..-----------.----------.--.*..-...- --.---...-...-.-.--.-.....*, 

Tl812 1 20-40sand j 0.5124 i 0.713 j 48.2 1 80.5 
,..-..-.*.*.-.*-..*...-.*---*-----------------**---.-~ . .  - ----.----. r-rr-;------.i---.--..-..--- ..-.-.- * --.----.. *--- 

0.678 48.2 Tl813 20-40 sand 0.5221 : 80.5 

eo - initial void ratio 

Bp - breakage potential 

Id - density index (e,,-eo)/(emzY-emin) 

Max. o, - maximum axial stress 

Table 4.1 Summary of initial conditions for one-dimensional confined compression tests 



Test Material i Bt Br noise (MPa) i Max. a, (MPa) 

Ballotini [ 3.3 0.036 1 -- 40.3 
1 ............................. 4 --.----- i- --------- ---. ---------.. <-------------- 

Tl 805 Ballotini 1 12.2 0.131 / -- 38.9 

l....... - .-... -.-.-- --...--.--*-..--..*.-.-.--.--.*--.*-~...-....-.*---..-.--------------------.---**------- 
36 Tl 807 Ballotini 2.7 0.029 47.2 

Tl809 1 16-25 sand 1 15.9 0.226 1 44 80.5 
......-.........-----------.A Z...Z.Z..--.-Z.-Z.Z.Z.Z.Z.. - .  - - & - - - - - .  .-----------*-------*- 

28 Tl810 [ 16-25sand 1 13.3 / 0.189 [ 80.5 

Bi - total breakage 

Br - relative breakage 

noise - stress level at which sounds of 
particle breakage begin 

Max. a, - maximum axial stress 

Table 4.2 Sumrnary of particle breakage in one-dimensional compression tests 



Test f Material Cr initial j Yield Cr Unload-reload 

Stress 

i (MPa) f 

Tl804 ) Ballotini ! 0.0154 1 -- -- -- 
*.--------..-..-...------- P. . -------.-.-- 

Tl 805 i Ballotini 1 0.0158 - - -O 

......-..-...................*..i........-----.--~.-----r,--~~.-~~---*---i--il-r-.--i--*ii-i-.* ' . - - - - - - . * - - - - - - . - - - , - -L - - - - - - - . * * . - - * - - - - - .  

Tl807 [ Ballotini 1 0.0274 / -- -- -- 

....,,...-........ -----.*: ---- -.- ..-..---- *-----------.---.-------------------.----. 

T1809 j 16-25 sand 1 0.0288 ! 55.6 1 0.3682 [ 0.0 153 

.............................. :~~~.-~--~-~---*-------------.---.-..---.-ii-i--.---.--~---------------....--.------.---.....---....--.--.-**---.------------~ 
Tl813 20-40 sand 0.0251 f 44.4 / 0.2743 j 0.0024 

Cc  - compression index 

Cr - unload-reload index 

yield stress - transition from Cc to Cr 

Mau. o, - maximum axial stress 

Table 4.3 Summary of Indices describing one-dimensional compression in log axial 

stress, o, versus void ratio, e space 



Test Material j Di (MPa) Yield j Dc (MPa) f Dr (MPa) 

Stress 

Tl804 Ballotini i 2040 1 -- -- - 

.---.--.....--......-- .. ...........--. * . - - . - - - - . - - - . - r i - - - . i l . - i - . - i - i l - - i - - - i - * - - - - - - - - r  

Tl806 Ballotini 2317 - -- -- 
. r . - - - - - - - -r .r . - - - - - . r . - . - - - . *r . . . . . . - - . - i - - .^-r- - - . - - - - . - . -~~*i . . i i i i i i i - i * i i~i i~* . . . , * , r~.~r-- . . - - . . . . . - i~-- - i .~. i . .  

Tl807 Ballotini j 2416 i -- -- -- 

Tl809 i 16-25 sand 1 2349 52.4 i 651 12240 

Di - initial confined modulus yield stress - onset of grain crushing 

Dc - crushing confined modulus Dr - unload reload confined modulus 

Table 4.4 Sumrnary o f  confined modulus describing one-dimensional compression in 

axial stress, a, versus axial strain, space 



27 Tl837 ; 20-40 sand i i 1.4818 1 0.822 f 48.2 j 10.4 

.--........-.........------ ; - ~ . . ~ . - - - - ~ - - - ; Z Z Z . . Z Z - . Z Z . Z Z Z ~ Z - - Z ~ Z . ~ . Z . . . * . . . . . * - . . . - . . . - - - . . -  

Tl839 Ballotini 27 1 1.5408 1 0.977 i 92.8 : 10.2 

.......-..--.--.-..-.--.----.--.-.----- .- ---- .---.------.-------.- ---- &-.*----t .--- -t ----- -.------*---"-*------.----.--- ----.. -.-'--.- 

Tl841 / 20-40 sand 65 1.4877 j 0.801 i 48.2 i 10.4 

..........-.--------. ---i-l------.-.- i -.---I----.- .5 --.5--.5--.5--.5--.5.. & *--- ----._._._._._._._._._._._._._.._._._._----- 

Tl842 1 20-40 sand [ 100 1 1.4798 1 0.829 1 48.2 j 8.8 

Test i Material Temperature Vo i Id 1 BP ; Max. a, (MPa) 

I 

L 

Vo - initial specific volume 

Bp - breakage potential 

Id - density index (Vmax-Vo)/(Vmay-Vmin) 

Max. or - maximum radial stress 

Table 5.1 Surnmary of  initial conditions for isotropic compression tests 



Table 5.2 Summary of isotropic compression tests 



Test Material Temp Vo ID Po P f Ey G 

(OC) W a )  (%) (%) 

I Tl8 15 1 Ballotini 1 27-2 1 1.531 1 1 1.000 1 0.1 1 5.00 1 1.5241 1 0.456 / -0.066 
TI 8 16 Ballotini 27.1 1.5432 0.958 0.1 2.50 1.5276 1.014 -0.182 
Tl825 Ballotini 29 1.5369 1.000 0.1 7.55 1.5348 0.456 -0.066 

L 1 1 L 1 L 1 I 

Tl 8 17 1 sand 1 27.4 1 1.4887 1 0.798 1 0.1 1 5.03 1 1.4780 1 0.723 1 -0.017 

Tl83 1 ( sand f 27 1 1.4891 1 0.796 1 0.1 1 5.12 1 1.4751 1 0.938 1 -0.022 
I 1 1 1 I I I 1 1 

1 
Tl814 sand 1 65 1.4850 , 0.8 1 1 O. 1 1.5 1 1.4849 0.004 -0.000 
Tl819 sand 1 65.4 1.4851 0.81 1 0.1 5.02 1.4759 0.616 -0.016 
Tl820 sand 1 64.8 1.4830 0.818 0.1 2.48 1.4770 0.408 -0.018 
T 1823 sand 1 65.6 1.4870 0.804 0.1 6.02 1.4837 0.225 -0.004 
T 1826 sand 65 1.4871 0.803 O. 1 3.75 1.4821 0.342 -0.011 
Tl830 sand 65 1.4835 . 0.816 0.1 3.65 1.4774 0.414 -0.014 
Tl835 sand 65 1.4868 0.804 0.1 7.14 1.4798 0.473 -0.005 

1 
I 

Tl824 sand 98.6 1.5092 - 0.795 0.1 2.57 , 1.5084 1 0.048 -0.002 
Tl827 sand 100.2 1.4935 0.790 0.1 1.56 1.4936 -0.002 0.000 
Tl 832 sand 100 1.4820 0.828 O. 1 3.91 1.4806 0.098 -0.003 
Tl 833 sand 100 1.4920 0.785 , O. 1 4.93 1.4868 0.350 -0.009 
T 1834 sand 100 1-4790 0.832 0.1 2.62 1.4766 0.163 -0.006 
Tl836 sand 100 1.4717 0.858 0.1 1 7.04 1.4716 0.004 -0.000 

Table 5.3 Summary of triaxial compression tests, isotropic compression phase 



- by definition 

Table 5 -4 Summary of  triaxial compression tests, transition point 

- - 

Test 
- - 

Temp 
(OC) 

- - - - - 

Material 

I 

- 

V P 9 
N a )  CMPa) 

Ev 
(%) 

G 
(%) 

tan P El 

(%) 



Table 5.5 Surnrnary of triaxial compression tests, at peak stress 



Table 5.6 Sumrnary of triaxial compression tests, end of test values 



Table 5.7 Sumrnary of maximum stresses applied and change to particle size distribution 
as measured by total breakage. 



Table 6.1 Summary of Calculated Shear Modulus 



Parameter 
K 

A 
V L  
r 
Transition &Pa) 
r c 

M. 
Xi (MPa) 

'Frac' 
Before Crushinp, 

0.0065 

Sand 
Ballotini 
0.0092 

Table 6.2 Surnrnary of Cam Clay parameters 



Ploaed in 
Figure 2.2 1 b Parame ter Figure 6.2 1 b 

1.712 V m  1.712 

Table 6.3 Sumrnary of parameters used in equation predictions 



/ Diffusion Bond 

Packed 
Particulate 

l 

6.35 mm Thick 

Figure 1 . 1  Packed-Particulate Fuel Disposa1 Container (from Crosthwaite 1994) 



Figure 2.1 (a) Ellipticai yield locus for Cam clay mode1 in p:q plane: @), (c) normal 

compression line and unloading-reloading line in compression plane (fiorn Wood 1990) 



SampIe in norrnally 
consolidated strte CSL 
V=W, a n d R = l  

Sample in ovtr consolidated 3 dv 
- 

Figure 2.2 Definition of State Parameter, and R (from JeReries and Been 1992) 



Figure 2.3 Typical results of drained triaxial compression tests on sand; curve 1 : dense 

sand al low stress Ievel; curve 2: dense sand at medium stress level; curve 3; loose sand at 

low stress level (from Muir Wood et al. 1994) 



QUARTZ 

naturol oriol strain .E, ,(%) 

Fig. 3. Hesults of drained triarial tests on quartz u n d  

Figure 2.4 Results of drained triaxial compression tests on quartz sand for a large range 

of confining pressures (fiom Lo and Roy 1973) 



- line 

0 Undrained, initial state 
Undrained. critical state 

8 Drained, initial state 
0 Drained, critical state 

Figure 2.5 State diagrarn for drained and undrained triaxial compression tests (fiom 

Jeffenes and Been, 1992) 



h fmai LHL 

Figure 2.6 State diagram showing results of Nor-sand simulations for drained and 

undrained tests with "S" and "F" line criteria Epslon q = 20% (tiom Jefferies and Been 



P' ( k W  

Figure 2.7 Relationship between void ratio and mean effective stress (fiom Konrad and 

Pouliot 1 997) 



Figure 2.8 Pressure-void ratio curves for sand at four initial densities (fiom Lee and Seed 



h p': W a  
(8) 

100 id00 
1 

4 5 6 7 8 9 
In p': kPa 

(b) 

Figure 2.9 (a) Isotropic and (b) one-dimensional compression data (from Coop 1990) 



Figure 2.10 Normalized shear modulus versus natural shear strain (fkom Iwasaki et al. 

1978) 



Figure 2.1 1 Effect of initial void ratio on shear modulus versus shear strain curves (from 

Porovic and Jardine 1994) 



Figure 2.12 Effect of confhing stress on shear modulus versus shear strain c w e s  (from 

Porovic and Jardine 1994) 



A x i a l  Sirain - é - % 

Figure 2.13 Unloading and reloading of  a silica sand under drained loading triaxial 

compression test conditions (from Duncan and Chang 1970) 



Figure 2.14 Schematic illustration o f  contribution of sliding Ection, dilatancy and 

cmshing to the measured mohr enveiope for drained tests on sand (fiom Lee and Seed 

1967) 



failure point 

b w c ' s  stress 

4,' dilatancy equation 

- = const. t a t  r e s u ~ b  

Figure 2.1 5 Stress-dilatancy plot (fiom Chu 1 994) 



o Kogyuk 350/2 
Kogyuk 350/5 
Kogyuk 35O/lO 

State parameter qp 

Figure 2.16 Peak angle of shearing resistance as a function of state parameter (from Been 

and Jefferies 1985) 



Kogyuk sand (0-1 096 fines) x; - - 0 - 
x Beaufort sand A (2-1 096 fines) a \A 
0 Beauloit Sand 8 (596 fines) 1.: 

Banding sand, Hauchipalo sand (Castro. 1969) 
Valgrinda sand (Bjermm et al-. 1961) 

O Hokksund Sand (NG I ) 
Monierey no. 0 sand (Lade. 1972) 

241 1 I - 0.3 - 0.2 - 0-1 
Stale parameler + 

Figure 2.17 Ratio of the difference between the peak interpreted phi angle and critical 

state phi angle venus state parameter (from Been and Jeffenes 1985) 



Figure 2.1 8 Interpreted yield surface shapes for sand (from Wood 1990) 



Figure 2.19 Undrained triaxial compression tests on compacted sand and 

overconsolidated sand (fiom Coop and Lee 1993) 



Cruahing begina 

Apparent 
pieudoelaatlc 
behavior begina 

Vertical Stream 

Figure 2.20 Strain versus Applied vertical stress - three phase o f  one dimenisonal 

compression (fiom Hagerty et al. 1993) 



8 * i I 

Monterey sand-coarse 
uniform sand, une 

Axial strain, (%) 

Figure 2.2 1 Stress-strain c w e s  during several cycles of loading in oedometer test (fiom 

Lambe and Whitman 1969) 



Porticle size distribution 7 Unit otw 

Partich Diorneter (mm) cycle 

.O74 rnm O 
-074 mm 

- Particle Diorneter (mm ) 

Figure 2.22 Definition of breakage potential (a) and total breakage (b) (fiom Yudhbir 

and Wood 1989) 



(a) Dogs Bay Sand 

isotropie corn . E 0 constant p' 3 car 
A undroined sheor 
0 M. drained sheor 

- 

. 

(b) Decomposed Granite ( c )  Hun River Sand 

overconsolidated 
o cornpacted 

Figure 2.23 Relationship between relative breakage and mean stress for three different 

sands (fiom Coop and Lee 1993) 



1 - Top cap 

2 - Base 

3 - Confining ring 

Figure 3.1 One dimensional compression ce11 



1 - Load ce11 

2 - External axial LVDT 

3 - Ce11 pressure transducer 

7 - Accumulator 

DAS - Data acquisition system 

4 - Intemal radial LVDT 

5 - RTD 

6 - Specimen 

Nz - Nitrogen supply 

Figure 3.2 HITEP Triaxial ce11 



Figure 3.3 Grain size analysis prior to testing 



Figure 3.4 Intemal instrumentation used for isotropic compression testing 



Figure 3.5 Interna1 immimentation used to measure radial deformation in uiaxial 

compression 



I - clarnping ring 

2 - gap for O-ring 

3 - alignment pins 

4 - split rnold 

5 - top spacer 

Figure 3.6 Split mold specimen former 



Figure 4.1 One-dimension confined compression of Ballotini plotted in a) applied axial 
stress versus axial strain space and b) Zog applied axial stress versus voids ratio space 



Figure 4.2 One-dimensional compression with unload-reloading cycles for test Tl 806 on 
Ballotini plotted in a) applied axial stress versus axial strain space and b) log applied 
axial stress versus voids ratio space 



Figure 4.3 

Grain Diameter, D (mm) 

Sieve analysis results fkom tests on Ballotini 



Figure 4.4 One-dimensional compression of 'Frac' sand plotted in a) applied axial stress 
versus axial strain space and b) log applied axial stress versuc voids ratio space 



Figure 4.5 One-dimensional compression including unload-reload cycles for Tl 8 10 on 
16-25 'Frac' sand plotted in a) applied axial stress versus axial strain space and b) log 
applied axial stress versus voids ratio space 
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Figure 4.6 

1 

Grain Diameter, D (mm) 
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O. 1 

Sieve analysis 

1 

Grain Diameter, D (mm) 

before and afler tests on a) 16-25 'Frac' sand and b) 20- 
40 'Frac' sand 



Figure 4.7 One-dimensional compression 
in Zog axial stress versus voids ratio space 
sand 

results including unload-reload cycles plotted 
for T 1806, Ballotini and Tl 8 10, 16-25 'Frac' 



Figure 4.8 Confined modulus, calculated incrementally plotted versus axial stress for 
tests on a) Ballotini and b) 'fiac' sand 



initial 
end of consolidation 

W start of shear 
O transition 

peak 
0 end oftest 

Figure 5.1 Key "state" points in a triaxial compression test in specific volume V versus 
mean stress, p space a) isotopic compression b) shearing 



a transition 

O endoftest 

transition 
peak 

O 
compression 

Figure 5.2 Key "state" points in a triaxial compression test a) plotted in shear stress, q 
versus shear strain, g, space and b) plotted in shear strain, 5, versus volume strain, a ,  
space 



O 

Znp (MPa) 

Figure 5.3 Isotropie compression of Ballotini at room temperature plotted as; a) mean 
stress, p versus volume strain, and b) n a t d  logathinn of mean stress In p versus 
specific volume, V 



Figure 5.4 Isotropic compression of 20.40 'frac' sand at room temperature plotted as; a) 
rnean stress, p versus volume strain, and b) naturd logathirm of mean stress ln p versus 
specific volume, V 



Figure 5.5 Isotropie compression pior to shearing for tests on Ballotini at room 
temperature plotted as: a) mean stress, p versus volume strain, s, and b) natural logathirm 
of mean stress Zn p versus specific volume, V 



Figure 5.6 Isotropic compression prior to shearing for tests on 20-40 'frac' sand at room 
temperature plotted as: a) mean stress. p versus volume strain, E, and b) naturd logathirm 
of mean stress In p versus specific volume, V 



Figure 5.7 Isotropic compression prior to shearing for tests on 20-40 'frac' sand at 65°C 
plotted as: a) rnean stress, p versus volume strain, E, and b) natural logathixm of mean 
stress Zn p versus specific volume, V 



Figure 5.8 Isotropic compression prior to shearing for tests on 20-40 'frac' sand at 100°C 
plotted as: a) mean stress, p versus volume strain, s, and b) natural logathirm of mean 
stress In p versus specific volume, V 



Figure 5.9 Triaxial shearhg of Ballotini for different radiai 
plotted as; a) deviator stress, q versus shear strain, E, and b) 
strain, E~ 

stress, a, at room temperature 
volume strain, eV versus shear 



Figure 5.10 Triaxial shearing of 20-40 'frac' sand for different radial stress. 0, at room 
temperature plotted as; a) deviator stress. q versiis shear strain, es and b) volume strain. E, 

\?er.slrs shear strain, E, 



Figure 5.  l 1 Triaxial shearing of 20-40 'frac' sand for different radial stress, ar at 65OC 
plotted as; a) deviator stress, q versus shear strain, &s and b) volume strain, eV versus shear 
strain, e, 



Figure 5.1 2 Triaxial shearing of 20-40 'frac' sand for different radial stress. or at 1 OO°C 
plotted as; a) deviator stress, q versus shear strain. E, and b) volume strain, eV versus shear 
strain, E, 
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Figure 5.13 Grain size distribution results after isotropie compression for a) Ballotini and 
b) 20-40 'fiac' sand 
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Figure 5.14 Grain size distributions afier shear testing at room temperature for a) 
Ballotini and b) 20-40 'frac' sand 
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Grain si=, D (mm) 
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Figure 5.15 Grain size distribution afier shearing of 20-40 'frac' sand where the test was 
at a temperature of a) 65°C and b) 1 OO°C 



Mean Stress p (MPa) 

Figure 6. la  Peak stress condition for 'Frac' sand, separated according to grain cmshing 

Maximum Mean Stress p (MPa) 

Figure 6.1 b The relative breakage of 'Frac' sand versus the maximum mean stress 
applied during triaxial compression 
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Figure 6.2a Behaviour of 'Frac' sand in isotropic compression and in 1 -D compression 

1,301 a 1 1 1 I I 1 1 

4 5 6 7 8 9 1 O I I  12 

Mean Stress Zn p (kPa) 

Figure 6.2b Behaviour of Ballotini in isotropic compression and 1 -D compression 



lnp (kPa) 

Figure 6.3a End of consolidation phase for 'Frac' sand 

Figure 6.3b End of consolidation phase for Ballotini 



Figure 6.4a End of test (CSL) plotted for 'Frac' sand 

Figure 6.4b End of test (CSL) results for Ballotini 



Figure 6.5a End of consolidation results plotted versus the CSL for 'Frac' sand 

Figure 6.5b End o f  consolidation results plotted versus the CSL for Ballotini 
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Figure 6.6a End of test conditions for 'Frac' sand, data was divided according to grain 

1 - EOT envelope 

Figure 6.6b End of test data for Ballotini, no grain crushing was measured in these 
specimens 



p,=6.43 M P a  

-transition from n o  b r e a m g s  
' 

10 

End of Test 

Transition 
q ,,,=0.97 - .  -- . -  
CU L 

I 1- t n a  or 1 est knveiope 

- - - - -  1 CSL 
LC 1 p = 4 . 7 h  

-transition from n o  breakage - 
tq breakqge I I , a) 

Figure 6.7a End of  test data 
define the CSL 

plotted with transition data, the transition data were used to 

1 1 I 1 

Transition data 

Figure 6.7b End of test data plotted with transition data, both sets of data were used to 
define the CSL 
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Figure 6.8a Stress ratio at the end of test, transition condition and the peak stress plotted 
versus the radial stress for 'Frac' sand 
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r 

Figure 6.8b Shear stress versus the radial stress at the peak stress and transition stress 
conditions for 'Frac' sand 



P W a )  

Figure 6.9a Peak stress envelope plotted aiongside the CSL for 'Frac' sand 

Peak enveIope 
Transition enve lo~e  

Figure 6.9b Peak stress envelope plotted dong with the CSL for Ballotini 



Confining Stress, crr 

Figure 6.10a Dilatancy angle versus the confïning stress, 'Frac' sand 
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Figure 6.1 Ob Peak stress ratio versus the confi~ning stress for 'Frac' sand, the critical state 
stress ratio, M is plotted for cornparison, defined for both no grain crushing and grain 
crushing 
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Figure 6.1 1 a Secant Shear modulus calculated at the peak stress plotted versus the 
confining stress for 'Frac' sand 

O 1 2 3 4 5 6 7 8 9 

o (MPa) 
r 

Figure 6.1 1 b Secant shear modulus calculated at 50% o f  the peak stress versus the 
confining stress for 'Frac' sand 



a (MPa) 

Figure 6.12a Secant shear modulus calculated at the peak stress versus the confining 
stress for Ballotini 

Figure 6.12b Secant shear modulus calculated at 50% of the peak stress versus the 
confining stress for Ballotini 



cr (MPa) 
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Figure 6.13 Shear modulus calculated fiom unload reload cycles versus the confining 
stress for 'Frac' sand 



Figure 6.14a Incrementally calculated shear modulus, 3G versus logarïthm of shear strain 
(%) for Ballotini 

Figure 6.14b Incrementally calculated shear modulus, 3G versus logarithm o f  shear strain 
(%) for 'Frac' sand, the low stress region 



Figure 6.15a Incrernentally calculated shear modulus, 3G versus logarithm of shear strain 
(%) for 'Frac' sand, medium stress region 

Figure 6.1 j b  Incrementally calculated shear modulus, 3G versus logarithm of shear strain 
(%) for 'Frac' sand, high stress tests 
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Figure 6.16 Incrementally calculated shear modulus, 3G versus logarithm of shear strain, 
% for the reload portion of the tests on 'Frac' sand 



Figure 6.17a Incrementally calculated shear modulus, 3G versus logarithm of shear strain 
(%) for al1 tests on Ballotini 

Figure 6.17b Incrementally calculated shear modulus normalized by the initial shear 
modulus 3G,, versus the shear strain (%) for al1 tests on Ballotini 



Figure 6.18 Linear relationship between the initial radial stress and the initial shear 
modulus 3G,, 



Figure 6.19a Incrementally averaged values of shear modulus versus the logarthim of 
shear strain for 'Frac' sand 

Figure 6.19b Incrementally averaged values of shear modulus normalized with the peak 
shear modulus versus the logarthim of shear strain for 'Frac' sand 



Figure 6.20 Linear relationship between the confining pressure and the initial shear 
modulus 3G,, for 'Frac' sand 



Figure 6.21 Specific volume versus ln p (a) predicted response for loose and dense 'Frac' 
sand and (b) predicted response and rneasured data 
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Appendix A - Temperature Effects 

As discussed in chapter 3 of this thesis report triaxiai compression testing was performed 

with temperature control. The purpose of temperature control was to determine the effect 

of temperature on sand behaviour, if any. The triaxial tests on 20-40 'Frac' sand were 

performed at three different temperatures; room temperature (2S°C), 65°C and 100°C. 

The instruments used in the testing program were designed to withstand the applied 

temperatures and were separately calibrated at each temperature. Throughout the testing 

some small differences in test results were encountered at different temperatures, but the 

observed effects were not consistent. 

Isotropie Compression 

As discussed in Chapters 5 and 6 two different types of isotropic compression tests were 

performed, one where both the radial and axial strain were measured and another senes of 

tests where only the radial strain was measured. Results fiom both series of isotropic 

compression tests are shown in Figure Al  and A2 respectively. The volume strain for a 

confining pressure of 10.4 MPa increased fiom 1.7% to 2.2% for a temperature of 27°C 

to 65'C respectively, as shown in Figure Ala. For the test performed at 100°C the trend 

was reversed, a strain of 1.3% at a confining pressure of 8.8 MPa. The test performed at 

100°C did not reach the same vertical stress levels but as shown in Figure 5.4a it was 



expenencing less strain than the test performed at a temperature of 27°C. Although the 

test performed at 100°C experienced a small "jump" it appears that the measured strain 

was not less than those measured in the room temperature test. 

T'ne end of consolidation data for the isotropic compression tests where only the radial 

strain was rneasured are plotted in Figure Aî.  The final volume strain experienced in the 

consolidation phase of each test, grouped according to temperature of the test, represent 

confining pressures ranging fiom 1.5 MPa to 7.2 MPa. Based on the data plotted in 

Figure A2a it would appear that volume strain is decreased with increasing temperature, 

that is, increasing temperature increases the stiffness. 

End of consolidation results of the isotropic compression tests were piotted in specific 

volume versus temperature in Figure A l  b and Figure A2b. These data are a reflection of 

both the amount of strain experienced due to the increase in confining pressure and the 

initial specific volume. The effect of the initial specific volume especially evidenced for 

the tests at 1 OO°C in Figure A2b where, although the volume strain was consistent, the 

specific volume at the end of consolidation showed the widest variability. The opposite 

was true of the tests performed at 27°C where the widest range of volume strain resulted 

in the narrowest range of final specific volumes. 

As discussed in Chapter 6 the isotropic compression testing did not reach stress levels 

high enough to begin normal compression behaviour. The Cam Clay mode1 considers 

that the behaviour in isotropic compression prior to reaching the NCL as being described 



able to be described by a r line. The K values were calculated for the isotropic 

compression tests where both the axial and radial deformation were measured and are 

listed in Table Al .  Two different values were calculated, that fiom the initial loading 

sequence and also from unload-reload cycles. The K calculated from initial loading 

increased with increasing temperature, fiom 0.009 at 27°C to 0.015 at 100°C. The K 

calculated for the unload-reload increased when the temperature increased fiom 27OC to 

65°C but at 100°C the value is approximately the same as at 27°C. 

The increasing value of K with temperature in the initial loadiag of the isotropic 

compression (radial and axial deformation measured) c m  be thought of as decreasing 

stiffness with increasing temperature. The data plotted in Figure A2a show that smaller 

amounts of strain are occurring with increases in temperature (tests with radial 

deformation measured). This results in increasing stiEness with increasing temperature. 

Based on these contradictory results, from independent data sets, temperature seems not 

to affect the isotropic compression of diIative 'Frac' sand. 

Triaxial Shearing 

The triaxial compression test results were presented in Chapter 5. A discussion of the 

results in terrns of the Cam Clay mode1 was presented in Chapter 6. The results of the 

testing in Chapter 5 were grouped according to the temperature at which the test was 

performed, but treated as one data set in Chapter 6. 



The stress ratio, q was plotted versus temperature at two of the 'key' points of the triaxid 

test in Figure A3, the transition condition and the peak deviator stress. The transition 

condition was considered the best estimate of critical state (Chapter 6) and although 

considerable statter is evidenced in the data, shown in Figure A3a the overall trend is for 

the stress ratio to increase slightly with increasing temperature. The opposite occurred for 

the stress ratio at the peak stress, shown in Figure A3b, where increases in temperature 

decreased the peak stress ratio slightly. 

The stress ratio is a measure of the strength of the sand. The effects of temperame on the 

stress ratio at critical state and peak deviator stress were opposite. Based on the scatter in 

the data, Figure A3 it is unlikely that temperature had any systematic effect on the 

strensh of the sand. 

In order to determine if temperature had an effect on the stiffness of the sand, the shear 

stiffness was plotted versus temperature in Figures A4 and AS. Figure A4a is a plot of 

the secant shear modulus calculated at 50% of the maximum deviator stress. The overall 

trend of this data shows a small Gecrease in the stiffhess with increasing temperature. 

The plotted data series at each temperature is for a confining pressure range between 1.5 

MPa to 7.2 MPa. 

As discussed in Chapter 6 the stiffness of the sand is dependent on the shear strain levels, 

with the shear modulus being approximately constant until 0.2% strain and reducing to 



zero at 3% strain. The confining pressure was related to the maximum shear modulus, as 

shown in Figure 6.20. The maximum shear modulus was plotted versus temperature in 

Figure A4b, the data shows a slight trend towards decreasing stiffhess with increasing 

temperature. 

Although there appears to be an overall trend towards decreasing stiffness in both Figure 

A4a and Figure A4b there is considerable statter in the data. The secant modulus 

calculated from unload-reload cycles was plotted versus temperature in Figure AS. There 

does not appear to be any trend of these data with temperature. The data also shows 

considerable scatter in the calculated shear modulus. 

The data plotted in Figure A4 indicates that while shear stifhess of the 'Frac' sand tends 

to be decreased with increasing temperature, the trend is not strong. The shear stiffness in 

the unload reload testing did not follow this trend, as shown in Figure AS. Based on this, 

and the data which indicates that temperature did not affect the strength of the sand, 

temperature was considered to affect the stiffness of the sand only a small extent. 



1 Test Initial Specific Temperature w (initiai loading) K (unload-reload) 1 
Volume 

Tl837 1.4818 27°C 0.0086 0.00576 

Table A 1 Calculated kappa values fiom isotropic compression testing, fiom tests 
measuring both axial and radial strain 
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Figure A l  Isotropie compression of  20-40 'Frac' sand plotted as: a) volume strain versus 
temperature and b) specific volume versus temperature 
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Figure A2 Isotropie compression ptior to shearing for tests on 'Frac' sand ploaed as: a) 
volume strain versus temperature and b) specific volume versus temperature 
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Figure A3 Stress ratio versus temperature at a) transformation condition and b) peak 
deviator stress 
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Figure A4 Shear modulus versus temperature plotted for a) secant shear modulus 
calculated at 50% of  the maximum deviator stress and b) maximum tangent shear 
rnodulus 



Figure A5 Shear modulus versus temperature, secant shear modulus calculated from 
unload reload testing 




