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This dissertation presents the results of a research effort conducted to better un-

derstand the stress-strain, volume change, shear band formation, and strength charac-

teristics of normally consolidated anisotropic clay under fully three-dimensional stress

states. A series of consolidated drained true triaxial tests with a constant mean effec-

tive stress and constant Lode angles during shear are performed on cross-anisotropic

kaolin clay. All tests are performed in a fully automated true triaxial testing appara-

tus. The relative magnitude of the intermediate principal stress, expressed in terms of

the b-value, and initial cross-anisotropy show significant influence on the stress-strain,

volume change, strength, and shear band formation characteristics of the clay. Shear

bands form and appear to cause failure in all true triaxial tests performed, except

in triaxial compression. The initiation and development of shear bands is observed

to take place when the clay undergoes volumetric contraction. The lower strength

exhibited in the shear bands is caused by alignment of the clay particles. This shear



band mechanism is different from that observed in granular materials in which the

lower shear strength is reached due to dilation in the shear bands.

This dissertation also presents a study on the simulative capabilities of anisotropic

and isotropic elasto-plastic bounding surface models under fully three-dimensional

stresses. The models assume the associated plastic flow rule and are based on bound-

ing surface elastoplasticity and the critical state theory. The predictions of the mod-

els are compared to the stress-strain, volume change, and strength characteristics

observed in drained true triaxial tests with a constant effective mean stress and con-

stant Lode angles during shear on normally consolidated anisotropic kaolin clay. The

bounding surface models can predict the influence of intermediate principal stress

on the behavior of the clay but with magnitudes considerably different from those

observed in the experimental results. The effects of initial cross-anisotropy on the

behavior of the clay, however, cannot be fully predicted by the anisotropic bounding

surface model. These incapabilities are largely due to the use of associated plastic flow

rule. More realistic predictions can also be obtained by incorporating a model fea-

ture that allows bifurcation from the uniform stress-strain conditions into a localized

failure mode or shear bands.

This dissertation also includes the details and results of a laboratory study on the

influence of non-plastic silt content on the stress-strain, volume change, and strength

characteristics of transition silt-clay soils. Series of one-dimensional consolidation

tests, isotropic consolidation tests, and triaxial compression tests on three soils of sim-

ilar base clay but different non-plastic silt contents are performed on cross-anisotropic

specimens. The specimen preparation method, testing procedure, and testing condi-



tions of each testing type are controlled to be consistent. Both vertical and horizon-

tal specimens have been tested. It is observed that the tested silt-clay soils are less

compressible with increasing silt content during one-dimensional and isotropic consol-

idation tests. During drained and undrained triaxial compression tests, the normally

consolidated soils of the same consolidation stresses show larger values of stiffness,

drained and undrained shear strengths, and slightly stronger volumetric contractive

tendencies with increasing silt content. The silt-clay soils’ effective strengths become

more isotropic with increasing silt content. Lower possibilities of shear band initia-

tion and development are observed in the contractive silt-clay soils with higher silt

content.
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CHAPTER 1 – INTRODUCTION

This dissertation presents a research study conducted to better understand the effect

of relative magnitude of the intermediate principal stress and initial cross-anisotropy

on the stress-strain, volume change, shear band formation, and strength character-

istics of normally consolidated clay. The dissertation also presents an investigation

on the simulative capabilities of two widely used bounding surface plasticity models

to predict the behavior of normally consolidated anisotropic clay under fully three-

dimensional stress states. The dissertation also includes the details and results of

a laboratory study on the influence of non-plastic silt content on the stress-strain,

volume change, and strength characteristics of transition silt-clay soils under axisym-

metric triaxial stress conditions.

1.1 SUMMARY OF PAST RESEARCH

1.1.1 Effect of the Intermediate Principal Stress

In geotechnical engineering problems, most loading conditions result in fully three-

dimensional stress states in which the values of the major principal stress (σ1), in-

termediate principal stress (σ2), and minor principal stress (σ3) are different. Such

stress states usually apply to soil elements in the ground that show initial or in-

herent cross-anisotropy due to preferred orientation of the soil particles developed
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during deposition of the soils. In such deposits, the axis of material symmetry is

typically parallel to the direction of deposition, and therefore vertical. Past research

has indicated significant influence of the relative magnitude of the intermediate prin-

cipal stress and initial cross-anisotropy on the three-dimensional stress-strain, volume

change or pore pressure, and strength characteristics of soils. The relative magnitude

of the intermediate principal stress may conveniently be expressed by means of the

b-value, i.e.

b =
σ2 − σ3
σ1 − σ3

(1.1)

where 0 ≤ b ≤ 1. The parameter b is zero for triaxial compression in which σ2 = σ3,

and is equal to unity for triaxial extension in which σ2 = σ1. Very few studies have

investigated the effects of variations in b-value on the behavior of normally consol-

idated (NC) clay using triaxial apparatuses that allowed independent control of all

three principal stresses. Shibata and Karube (1963), Lade and Musante (1978), Kirk-

gard and Lade (1993), and Prashant and Penumadu (2005) performed undrained true

triaxial tests on laboratory prepared and natural clays and reported that the values of

undrained stiffness increased, principal strains-to-failure in the direction of the major

principal stress (ε1f ) decreased, and the pore pressure changes at failure (∆uf ) in

general increased with increasing b-value. The effective friction angles increased from

b = 0.00 and remained relatively constant throughout the range of increasing inter-

mediate b-values and decreased slightly toward b = 1.00. The failure surfaces in the

octahedral plane were curved and circumscribed the Mohr-Coulomb failure surfaces

when fitted to the friction angles in triaxial compression.
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Nakai et al. (1986) performed drained true triaxial tests with a constant mean

effective stress during shear. The values of secant stiffness increased, and the major

principal strains-to-failure decreased with increasing b-value. The volumetric strains

were contractive during shear, and no consistent pattern with b-value was observed.

The variation of the effective friction angles with b-value generally showed the same

trend as observed in the aforementioned undrained tests. In the octahedral plane the

failure surface was curved and again circumscribed the Mohr-Coulomb failure surface

in all tests, when fitted to the strength in triaxial compression.

In contrast to these observations on the shape of failure surface in the octahedral

plane, Pearce (1970, 1971) and Yong and McKeys (1971) observed that the effective

friction angles from undrained true triaxial tests were independent of b-value. The

failure surfaces in the octahedral plane were observed to agree well with the Mohr-

Coulomb failure criterion.

1.1.2 Effect of Initial Cross-Anisotropy

Very few studies on the effects of initial cross-anisotropy on the three-dimensional

behavior of NC clay have been performed, and not all results are in agreement. Kirk-

gard and Lade (1993) performed undrained true triaxial tests on intact specimens

of cross-anisotropic San Francisco Bay Mud. Tests with Lode angles (θ) from 0◦ to

180◦ were carried out. When the results of tests with similar b-values were com-

pared, the values of secant stiffness and pore pressure changes at failure were greatest

when 0◦ < θ < 60◦ and smallest when 120◦ < θ < 180◦. The effective friction an-
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gles for 0◦ < θ < 120◦ were greater, and in general 5◦ − 7◦ larger, than those with

120◦ < θ < 180◦. The effective failure surface in the octahedral plane was curved

and circumscribed the Mohr-Coulomb failure surface for 0◦ < θ < 110◦. For higher

values of θ, however, the effective failure surface was either inside or coincided with

the Mohr-Coulomb failure surface.

Callisto and Calabresi (1998) and Callisto et al. (2002) presented results of K0-

consolidated, drained true triaxial tests with constant effective mean stress and con-

stant Lode angles during shear on lightly overconsolidated natural cross-anisotropic

Pisa clay. The values of secant stiffness were observed not to increase with increasing

b-value, but rather with Lode angle (θ). The volumetric strains were close to zero

and contractive during shear. The volumetric strains did not show any consistent

pattern with either b-value or θ. The failure surface was observed to circumscribe

the Mohr-Coulomb failure surface in all cases except triaxial compression at θ = 0◦

and θ = 120◦. The failure surface in this study showed much larger curvature when

0◦ < θ < 120◦, and therefore higher friction angles than those reported by Kirkgard

and Lade (1993) for similar values of θ.

1.1.3 Shear Band Formation

Very few reports of shear bands accompanying failure of NC clay are available in

the literature, and the effects of intermediate principal stress on the formation of

shear bands in NC clays have not been conclusive. Georgiannou and Burland (2001)

presented experimental results showing that shear bands developed in triaxial com-
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pression tests on NC clay under drained and undrained conditions, whereas the data

by Liu (2004) indicated they did not appear in all cases. Both studies reported shear

bands in all triaxial extension tests. Kurukulasuriya et al. (1999) and Perić and

Hwang (2002) reported shear bands in all undrained plane strain compression tests

on NC clays. In contrast to these findings, Vaid and Campanella (1974) reported no

shear bands in their plane strain tests. No shear bands have been reported in three-

dimensional tests on NC clay using true triaxial apparatuses (Shibata and Karube,

1963; Lade and Musante, 1978; Nakai et al., 1986; Kirkgard and Lade, 1993; Callisto

and Calabresi, 1998; Prashant and Penumadu, 2005).

1.1.4 Constitutive Modeling of Clay using Bounding Surface Plasticity

Several elasto-plastic constitutive models have been proposed to simulate the behavior

of clay. The introduction of critical state theory by Schofield and Wroth (1968)

allowed Roscoe and Burland (1968) to propose the Modified Cam Clay model which

assumed an ellipse in the p′-q plane as the yield surface. The ellipse can expand or

contract according to an isotropic hardening law. Changes of stress inside the yield

surface predict only changes in elastic strain. This implies that the Modified Cam

Clay model predicts excessively large elastic response for overconsolidated clay, and

can not predict hysteretic plastic strains or accumulated pore pressure changes under

cyclic loads.

To avoid such problems, the concepts of kinematic hardening plasticity (Prévost,

1978; Mrǒz et al., 1978) and bounding surface plasticity (Mrǒz et al., 1979; Dafalias
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and Herrmann, 1980) were proposed for clay. The kinematic hardening models have

shown evident flexibility in predicting complex behavior of clay (Darve et al., 1986).

However, the drawback of employing the kinematic hardening models is largely due

to numerical difficulties in their implementation of the models (Vermeer and Borst,

1984). An alternative to modeling the behavior of clay under complex loads, with less

numerical difficulties, is realized by using models based on the concept of a bounding

surface in stress space.

Such models assume a bounding surface in stress space that is separated from a

loading surface which the current stress is on and an elastic nucleus in which purely

elastic response is predicted. The loading surface and elastic nucleus are contained

within the bounding surface. A bounding surface model also assumes an explicit

dependence of the plastic modulus on the Euclidean distance (δ) between the current

stress and its image on the bounding surface. A mapping rule is assumed to obtain

the image stress from the current stress. The assumptions allow a smooth transition

from elastic to plastic response and prediction of plastic strains inside of the bounding

surface. This makes the bounding surface model a viable way to predict the behavior

of overconsolidated clay, as well as the behavior of clay under complex loads. Several

assumptions on the shapes of bounding surfaces, hardening laws, mapping rules,

and functions defining the plastic modulus from δ have resulted in variations of the

bounding surface plasticity models.

Dafalias and Herrmann (1980), Dafalias (1986), and Dafalias and Herrmann (1986)

proposed an isotropic bounding surface model based on the critical state theory. The

Dafalias-Herrmann model assumes a bounding surface consisting of two ellipses and a
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hyperbola in the space of the first effective stress invariant (I) and the deviatoric stress

invariant (J). The bounding surface is generalized in three-dimensional stress space

by means of suitable functions that depend on the Lode angle (θ). An associated

plastic flow rule is used to determine plastic strain rates. The rates at which the

bounding surface expands or contracts depend directly on volumetric plastic strain

rates. A function describing the plastic modulus in terms of δ was proposed.

Anandarajah and Dafalias (1986) modified the Dafalias-Herrmann model to allow

rotation of the bounding surface from the hydrostatic axis. This modification was

made to take into account the effect of initial and induced anisotropy. The bounding

surface rotates from the hydrostatic axis according to a rotational hardening law.

The associated flow rule is assumed for determining plastic strain rates. In addition

to the ability to expand and rotate, the bounding surface is also allowed to stretch or

skew by means of a distortional hardening law.

Kaliakin and Dafalias (1989, 1990a,b) modified the Dafalias-Herrmann model to

predict both time-dependent and time-independent behavior. The Kaliakin-Dafalias

model assumes an isotropic single ellipse as the bounding surface in the I-J plane.

A simple version of the plastic modulus function was proposed. When the time-

dependent feature of the model is not activated, a simplified version of the Dafalias-

Herrmann model is obtained. An associated plastic flow rule is once again assumed

for the Kaliakin-Dafalias model.

Motivated by Anandarajah and Dafalias (1986), Ling et al. (2002) modified the

isotropic Kaliakin-Dafalias model to allow rotation and stretching of the elliptical

bounding surface. A plastic modulus function, simplified from Kaliakin and Dafalias
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(1989), and a rotational hardening law, simplified from Anandarajah and Dafalias

(1986), were proposed.

The bounding surface plasticity models for clay have been observed to predict the

stress-strain, volume change, and strength characteristics of clay under axisymmetric

stress conditions (σ1 > σ2 = σ3 or σ1 = σ2 > σ3) with good accuracy (Mrǒz et al.,

1979; Dafalias and Herrmann, 1980; Dafalias, 1986; Anandarajah and Dafalias, 1986;

Kaliakin and Dafalias, 1989, 1990a,b; Ling et al., 2002). There has been, however,

no study on the capabilities of the bounding surface plasticity models under fully

three-dimensional stress states. This is mainly due to a lack of experimental results

to which the predictions of bounding surface models can be compared.

1.1.5 Effect of Non-Plastic Silt Content

The behavior of transition sand-silt soils has been extensively investigated by several

researchers. The silt content has shown to have a strong effect on the stress-strain,

volume change, strength, and liquefaction potential characteristics of sand-silt soils,

although no consistent pattern of the effect of silt content has been established. Pit-

man et al. (1994) performed undrained triaxial compression tests on Ottawa sand with

silt contents varied from 0% to 40%. Both non-plastic and plastic fines were used.

It was observed that the monotonic undrained behavior was essentially unchanged

regardless of the gradation of the host sand, as long as the amount of fines remained

constant. The presence of fines, both non-plastic and plastic, caused slightly more

dilative response, indicating less collapsible sands. In contrast to the above find-
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ings, Thevanayagam (1998) and Thevanayagam and Mohan (2000) reported that a

sand became more contractive and collapsible, and showed lower undrained shear

strengths, with increasing non-plastic fines content.

The influence of non-plastic silt content on the stress-strain, volume change, and

strength characteristics of transition silt-clay soils can only be investigated by using

the results of comparative studies of natural clays and silts with different silt con-

tents. This is mainly due to a lack of laboratory results in which the silt content is

systematically varied under controlled testing environments. Comparative studies of

the behavior of natural clays and silts have been performed by a number of researchers

(Henkel, 1959; Bjerrum and Simons, 1960; Hvorslev, 1960; Duncan and Seed, 1966b;

Lo and Morin, 1972; Lupini et al., 1981; Mesri and Cepeda-Diaz, 1986; Burland, 1990;

Stark and Eid, 1994; Whittle et al., 1994; Jamiolkowski et al., 1995; Burland et al.,

1996; Ling, 2001; Yilmaz et al., 2004; Gasparre et al., 2007; Kawaguchi et al., 2008).

Very tentative conclusions can be drawn from the aforementioned studies. Transition

silt-clay soils show, in general, higher undrained stiffness and shear strength with

increasing silt content. The observed effect of silt content on the volume change

tendency of natural silt-clay transition soils have not all been in agreement, and no

consistent pattern can be established. It becomes very difficult, if not impossible,

to explain the stress-strain, volume change, and strength behavior based only on silt

content from the previous studies on natural silt-clay soils. This is because there are

other factors not controlled in these studies that affect the observed behavior of the

soils. The main factors that often obscure the effects of silt content are types of clay

minerals, preconsolidation histories, direction of loading, and loading rates. Muller-
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Vonmoos and Loken (1989), and Mitchell and Soga (2001) reported that clayey soils

with the presence of clay minerals with higher average diameter-to-thickness ratios

and stronger electrochemical abilities to attract pore fluid molecules show more duc-

tile stress-strain behavior, more contractive tendencies, and lower residual friction

angles. Henkel (1956), Mitchell (1970), Amerashinghe and Parry (1975), Murthy

et al. (1981), Tsai (1985), Mesri and Ali (1999), and Liu (2004) showed that precon-

solidation histories strongly influence the observed behavior of clayey soils. A clay

with high overconsolidation ratios shows more brittle and dilatant behavior com-

pared to the same soil at lower overconsolidation ratios. Duncan and Seed (1966a),

Vaid and Campanella (1974), and Kirkgard and Lade (1991) presented test results

indicating that the major loading direction with respect to particle bedding planes

strongly influences the behavior of clayey soils. The values of stiffness and undrained

strengths are larger when the direction of major principal stress is perpendicular to

the particle bedding planes. Hvorslev (1960), Whittle et al. (1994), and Nishimura

et al. (2007), however, reported the opposite trend of strength in which the undrained

shear strengths are lower in the vertical direction for some natural clays. Henkel and

Sowa (1963), Lo and Morin (1972), Sheahan et al. (1996), and Zhu and Yin (2000)

showed that the rate of loading affects the behavior of clayey soils by a significant

magnitude. A clayey soil shows, in general, larger values of secant stiffness, shear

strengths, and effective friction angles in tests with larger shearing rates than tests

with smaller rates. This is mainly attributed to lower pore pressures generated in

tests with higher shearing rates.

Very few studies that allow direct investigations of the influence of silt content
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on the behavior of transition silt-clay soils due to the aforementioned factors being

controlled have been reported in the literature. Among these studies, Cola and Si-

monini (2002) presented the results of one-dimensional consolidation tests, drained

and undrained triaxial compression tests, and resonant column tests on Venice lagoon

soils. A number of laboratory tests were performed on uniform specimens of two soils

obtained from the same boring but from different depths. Only tests with the ma-

jor loading direction perpendicular to the particle bedding planes were performed.

The soils had similar types of base clay and silt. The first soil had a silt content

of 50% and clay content of about 30%, while the rest was sand. The second soil

had a silt content of 90% and a clay content of 10%. The two soils had practically

identical overconsolidation ratios of about 1.2. It was observed that the compress-

ibility during one-dimensional consolidation tests was lower for the soil with higher

silt content. When the results of triaxial tests were compared, the values of secant

moduli, undrained and drained shear strengths, pore pressure changes at failure, and

effective friction angles were higher for the soil with higher silt content. In contrast to

the trend observed in the undrained tests, the volumetric strains during drained tests

were less contractive for the soil with higher silt content. The values of small-strain

moduli obtained from resonant column tests increased with increasing silt content.

1.2 MISSING ASPECTS IN THE LITERATURE

The review of the past research suggests several missing aspects in the literature,

namely:
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1. Very few laboratory results on the effects of b-value and initial cross-anisotropy

on the three-dimensional behavior of normally consolidated clay are available

in the literature, and not all are in agreement.

2. Very few investigations on the capabilities of bounding surface plasticity models

for clay under fully three-dimensional stress states have been performed, largely

because of a lack of quality experimental results to which the predictions of the

bounding surface models can be compared.

3. Very few studies in the literature that allow direct investigation of the non-

plastic silt content as the primary variable that describes the stress-strain, vol-

ume change, and strength characteristics of transition silt-clay soils have been

performed, and not all results are consistent.

The research presented herein was initiated to produce laboratory results that allow

better understanding of the three-dimensional behavior of normally consolidated clay,

investigate the capabilities of the bounding surface plasticity models for clay under

fully three-dimensional stress states, and better understand the effect of non-plastic

silt content on the behavior transition silt-clay soils.

1.3 STRUCTURE OF PRESENTATION

The dissertation is organized and presented in a manuscript format, with three journal

articles, of which two were submitted and one is in preparation. The three articles

present the details and results of the research program.
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The first manuscript, ”Three-dimensional drained behavior of normally consoli-

dated anisotropic kaolin clay” is presented in Chapter 2. The manuscript describes a

laboratory study on the influence of the intermediate principal stress and initial cross-

anisotropy on the stress-strain, volume change, shear band formation, and strength

characteristics of normally consolidated kaolin clay. A series of consolidated-drained

triaxial tests with independent control of all three principal stresses was performed.

The effective mean stress and b-values were kept constant in these tests. To avoid

interference of the cap and base with the development and directions of shear bands,

tall rectangular prismatic specimens were used in addition to soft latex rubber mem-

branes that provided minimal resistance to the development of shear bands.

The second manuscript, ”Simulation of drained true triaxial tests on normally

consolidated anisotropic kaolin clay using bounding surface plasticity models” is pre-

sented in Chapter 3. The manuscript presents the details and results of a study on the

capabilities of the anisotropic Ling et al. (Ling et al., 2002) and isotropic Kaliakin-

Dafalias (Kaliakin and Dafalias, 1989, 1990a,b) versions of the bounding surface model

to predict the three-dimensional drained behavior of the normally consolidated kaolin

clay. A series of numerical simulations of the consolidated-drained true triaxial tests

discussed in the first manuscript was performed using the two bounding surface mod-

els. The model predictions were compared to the experimental results. Assessment

of the capabilities and recommendations toward improvements of the two bounding

surface models for clay were then made.

The third manuscript, ”Stress-strain and strength characteristics of transition silt-

clay soils” is presented in Chapter 4. The manuscript provides the details and results
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of a laboratory study on the influence of non-plastic silt content on the stress-strain,

volume change, and strength characteristics of transitions silt-clay soils primarily

under axisymmetric triaxial stress conditions. One-dimensional consolidation tests,

isotropic consolidation tests, and undrained and drained triaxial compression tests

were performed on specimens having the direction of particle deposition both par-

allel and perpendicular to the major loading direction. The soils in this study were

compared on the basis of using the same specimen preparation procedure, testing

methods, and testing conditions. The only variable is the amount of non-plastic silt

that was systematically varied in the specimens with similar base clay.

Chapter 5 provides conclusions of the research presented herein and recommen-

dations for future research.

Appendix A includes the results of the consolidated-drained true triaxial tests

on the anisotropic kaolin clay; Appendix B includes the results of one-dimensional

consolidation tests, consolidated-undrained and consolidated-drained triaxial tests

used to calibrate the bounding surface plasticity models; while Appendix C includes

the results of one-dimensional consolidation tests, isotropic consolidation tests, and

consolidated-undrained and consolidated-drained triaxial compression tests on tran-

sition silt-clay soils.
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2.1 ABSTRACT

A series of consolidated drained true triaxial tests with a constant mean effective

stress and constant Lode angles during shear is performed on cross-anisotropic kaolin

clay. All tests are performed in a fully automated true triaxial testing apparatus.

The relative magnitude of the intermediate principal stress, expressed in terms of the

b-value, and initial cross-anisotropy show significant influence on the stress-strain,

volume change, strength, and shear band formation characteristics of the clay. Shear

bands form and appear to cause failure in all true triaxial tests performed, except

in triaxial compression. The initiation and development of shear bands is observed

to take place when the clay undergoes volumetric contraction. The lower strength

exhibited in the shear bands is caused by alignment of the clay particles. This shear

band mechanism is different from that observed in granular materials in which the

lower shear strength is reached due to dilation in the shear bands.

2.2 INTRODUCTION

In geotechnical engineering problems, most loading conditions result in fully three-

dimensional stress states in which the values of the major principal stress (σ1), in-

termediate principal stress (σ2), and minor principal stress (σ3) are different. Such

stress states usually apply to soil elements in the ground that show initial or in-

herent cross-anisotropy due to preferred orientation of the soil particles developed

during deposition of the soils. In such deposits, the axis of material symmetry is

typically parallel to the direction of deposition, and therefore vertical. Past research
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has indicated significant influence of the relative magnitude of the intermediate prin-

cipal stress and initial cross-anisotropy on the three dimensional stress-strain, volume

change or pore pressure, and strength characteristics of soils. The relative magnitude

of the intermediate principal stress may conveniently be expressed by means of the

b-value:

b =
σ2 − σ3
σ1 − σ3

(2.1)

where 0 ≤ b ≤ 1. The parameter b is zero for triaxial compression in which σ2 = σ3,

and is equal to unity for triaxial extension in which σ2 = σ1.

Very few studies have investigated the effects of b-value on the behavior of nor-

mally consolidated (NC) clay using triaxial apparatuses that allowed independent

control of all three principal stresses. Shibata and Karube (1963), Lade and Musante

(1978), Kirkgard and Lade (1993), and Prashant and Penumadu (2005) performed

undrained true triaxial tests on laboratory prepared and natural clays and reported

that the values of undrained stiffness increased, principal strains-to-failure in the di-

rection of the major principal stress (ε1f ) decreased, and the pore pressure changes at

failure (∆uf ), in general, increased with increasing b-value. The effective friction an-

gles increased from b = 0.00 and remained relatively constant throughout the range of

increasing intermediate b-values and decreased slightly toward b = 1.00. The failure

surfaces in the octahedral plane were curved and circumscribed the Mohr-Coulomb

failure surfaces when fitted to the friction angles in triaxial compression.

Nakai et al. (1986) performed drained true triaxial tests with a constant mean

effective stress during shear. The values of secant stiffness increased, and the major
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principal strains-to-failure decreased with increasing b-value. The volumetric strains

were contractive during shear, and no consistent pattern with b-value was observed.

The variation of the effective friction angles with b-value generally showed the same

trend as observed in the aforementioned undrained tests. In the octahedral plane the

failure surface was curved and again circumscribed the Mohr-Coulomb failure surface

in all tests, when fitted to the strength in triaxial compression.

In contrast to these observations on the shape of failure surface in the octahedral

plane, Pearce (1970), Pearce (1971), and Yong and McKeys (1971) observed that

the effective friction angles from undrained true triaxial tests were independent of

b-value. The failure surfaces in the octahedral plane were observed to agree well with

the Mohr-Coulomb failure criterion.

Very few studies on the effects of initial cross-anisotropy on the three-dimensional

behavior of NC clay have been performed, and not all results were in agreement.

Kirkgard and Lade (1993) performed undrained true triaxial tests on intact specimens

of cross-anisotropic San Francisco Bay Mud. Tests with Lode angles (θ) from 0◦ to

180◦ were carried out. When the results of tests with similar b-values were compared,

the values of secant stiffness and pore pressure changes at failure were greatest when

0◦ < θ < 60◦ and smallest when 120◦ < θ < 180◦. The effective friction angles

for 0◦ < θ < 120◦ were greater, and in general 5◦ − 7◦ larger, than those with

120◦ < θ < 180◦. The effective failure surface in the octahedral plane was curved

and circumscribed the Mohr-Coulomb failure surface for 0◦ < θ < 110◦. For higher

values of θ however, the effective failure surface was either inside or coincided with

the Mohr-Coulomb failure surface.
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Callisto and Calabresi (1998) and Callisto et al. (2002) presented results of K0-

consolidated, drained true triaxial tests with constant effective mean stress and con-

stant Lode angles during shear on lightly overconsolidated natural cross-anisotropic

Pisa clay. The values of secant stiffness were observed not to increase with increasing

b-value, but rather with Lode angle (θ). The volumetric strains were close to zero

and contractive during shear. The volumetric strains did not show any consistent

pattern with either b-value or θ. The failure surface was observed to circumscribe

the Mohr-Coulomb failure surface in all cases except triaxial compression at θ = 0◦

and θ = 120◦. The failure surface in this study showed much larger curvature when

0◦ < θ < 120◦, and therefore higher friction angles than those reported by Kirkgard

and Lade (1993) for similar values of θ.

Very few reports of shear bands accompanying failure of NC clay are available

in the literature, and the effects of intermediate principal stress on the formation

of shear bands in NC clays have not been conclusive. Georgiannou and Burland

(2001) presented experimental results showing that shear bands developed in triaxial

compression tests on NC clay under drained and undrained conditions, whereas the

data by Liu (2004) indicated they did not appear in all cases. Both studies reported

shear bands in all triaxial extension tests. Kurukulasuriya et al. (1999) and Perić and

Hwang (2002) reported shear bands in all undrained plane strain compression tests

on NC clays. In contrast to these findings, Vaid and Campanella (1974) reported no

shear bands in their plane strain tests. No shear bands have been reported in three-

dimensional tests on NC clay using true triaxial apparatuses (Shibata and Karube,

1963; Lade and Musante, 1978; Nakai et al., 1986; Kirkgard and Lade, 1993; Callisto
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and Calabresi, 1998; Prashant and Penumadu, 2005).

The present research was undertaken because very few data on the effects of b-

value and initial cross-anisotropy on the behavior of and shear band formation in NC

clay are available, and not all are in agreement. Presented herein is a laboratory study

of the influence of the intermediate principal stress and initial cross-anisotropy on the

stress-strain, volume change, shear band formation, and strength characteristics of

NC kaolin clay under drained conditions. A series of consolidated-drained triaxial

tests with independent control of all three principal stresses was performed. Since

cubical specimens are too short to avoid interference with the stiff end plates, tall

rectangular prismatic specimens that avoid interference of the cap and base with the

development and the directions of shear band formation were used. Such specimens

have been shown to allow freely developing shear bands in sands (Wang and Lade,

2001; Lade and Wang, 2001). In addition, a soft latex rubber membrane providing

minimal resistance to development of shear bands was used.

2.3 EXPERIMENTAL PROCEDURE

2.3.1 Soil Tested

The kaolin clay used in this study consisted of approximately 68% clay-sized particles

and 32% silt-sized particles. Atterberg limit tests indicated a liquid limit of 47 and a

plastic limit of 30. The activity of the clay was 0.25 and the specific gravity was 2.63.
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2.3.2 Specimen Preparation

Dry powder kaolin clay was mixed with water at a water content twice the liquid

limit. The mixed clay was then consolidated in a double draining consolidation tank

at a vertical pressure of 200 kPa. Prior to consolidation, a vacuum of 100 kPa was

applied to the tank, purging air bubbles trapped inside the clay. The inside of the

consolidation tank was highly polished and coated with a thin layer of vacuum grease

to minimize friction between the tank and the clay.

Clay particles, which are platy in shape, realigned during the one-dimensional

consolidation such that their long axes were perpendicular to the direction of consol-

idation, creating particle bedding planes in the clay perpendicular to the direction

of one-dimensional consolidation. After the one-dimensional consolidation, the clay

was cross-anisotropic with the axis of material symmetry parallel to the direction of

one-dimensional consolidation.

Cylindrical clay blocks 190 mm in height and 260 mm in diameter were produced.

The blocks had a water content of 38%, a void ratio of 1.02, and a unit weight of 17.70

kN/m3. Four prismatic rectangular specimens 73 mm wide, 73 mm long, and 170

mm high were trimmed from each block and installed in the true triaxial apparatus.

As shown in Fig. 2.1, a specimen is considered to be ”vertical” if it is trimmed along

the height parallel to the direction of one-dimensional consolidation denoted by the

z -axis. It is referred to as ”horizontal” if trimmed along perpendicular to the z -axis.
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2.3.3 Testing Apparatus

The true triaxial apparatus used in this study was a modified version of the one de-

scribed by Shapiro and Yamamuro (2003) and shown in Fig. 2.2. This apparatus

was modified to accommodate tall prismatic rectangular specimens and to allow for

full automation. The true triaxial apparatus consists of an oversized triaxial cell fit-

ted with a square cap and base, between which prismatic rectangular specimens are

located. An external pressure cylinder controlled by an automatic pressure regulator

applies vertical deviator loads to specimens through a piston rod. A rigid connec-

tion between the piston rod and cap enables measurement of vertical deformations

during consolidation and prevents rotation of the cap, allowing uniform specimen

deformations in the vertical direction.

Deviator loads in a horizontal direction are applied by a horizontal loading system

that is a self-reacting load frame and consists of two loading plates compressible

in the vertical direction. One loading plate is attached to the rectangular face of

an internal pressure cylinder, while the other is attached to a backing plate. The

internal pressure cylinder and backing plate are attached to one another by two tie-

bars. An automatic pressure regulator controls the pressure in the internal cylinder.

This horizontal loading system is supported by two rails mounted onto the cell base

plate. One loading plate pushes, while the opposing plate is pulled inward when the

pressure cylinder is inflated. The loading plates are laminated structures. Each plate

is made of alternating stainless steel and balsa wood laminae. The compressibility

of the balsa wood permits the vertical deformation of the loading plates, which is
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necessary to avoid interference with the cap. The compression frame attached to the

piston rod forces the loading plates to deform at the rate of vertical deformation of

the specimen. To accommodate tall specimens, more balsa wood and stainless steel

laminae were added and the height of the backing plate, and the rectangular piston

face of the horizontal loading system were increased to match the loading plates. The

tie-bars are still positioned at the mid height of the loading plates. The backing plate

and piston provide rigid vertical supports to the loading plates, thus allowing uniform

deformations in the horizontal direction. When the horizontal loading system is not

activated, conventional triaxial compression and extension tests may be performed.

The cell pressure was supplied by an automatic pressure regulator through an air-

water chamber. De-aired water was used as the cell fluid. A layer of silicone oil was

placed above the water in the air-water chamber to prevent air from dissolving into

the cell water and possibly de-saturating the specimens in long-term tests.

The true triaxial apparatus applies three independent principal stresses to speci-

mens. The principal stress directions are fixed: the major principal stress (provided

by the cell pressure and the vertical deviator load) acts in the vertical direction,

the intermediate principal stress (provided by the cell pressure and the horizontal

deviator load) is applied in the direction of the horizontal loading system, and the

minor principal stress (provided by the cell pressure) acts alone in the other horizontal

direction.

The vertical deviator load was measured by an internal load cell embedded in the

specimen cap. The horizontal deviator load, the cell pressure, and the pore pressure

were determined from pressure transducer readings. Volume changes were determined
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by a device similar to that described by Lade (1988). The vertical deformations were

measured by an LVDT, whereas the horizontal deformations in the σ2-direction were

measured by two submersible LVDTs, and the deformations in the σ3-direction were

determined from the volume changes and deformations in the σ1- and σ2-directions.

Signals were amplified as necessary and filtered to reduce signal noise.

2.3.4 Automatic Test Control

A custom Visual Basic computer control program used in conjunction with the appa-

ratus was employed to perform the tests in a fully automated manner. The computer

control program consists of one master unit and three slave units, namely an analog-

to-digital (A/D), a proportional-integral-derivative (PID) controller, and a digital-to-

analog (D/A) units. The master unit manipulates the slave units and executes steps

necessary to perform the desired test. It obtains the user’s input (such as specimen

dimensions, strain rates, type of consolidation and shear) and initiates the control

process by starting the A/D unit that continuously receives input signals from the

load cell, pressure transducers, and LVDTs and computes the current stresses and

strains on the specimen. To follow the desired stress path, the master unit then as-

signs target loads and deformations to the PID controller unit which, at any time (t),

attempts to minimize the differences (∆(t)) between the measured loads and defor-

mations and the targets by outputting corrective reactions (R(t)) to the apparatus.
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The PID controller unit calculates R(t)-values according to the formula:

R(t) = P∆(t) + I

∫ t

t−χ
∆(τ) dτ +D

d∆t

dt
(2.2)

The parameters P, I, and D are the proportional, integral, and derivative gains, and

χ is an appropriate time interval. The proportional part determines the corrective

reactions with respect to the current differences, whereas the integral part determines

the corrective reactions based on the sum of the differences over a time period of χ,

and the derivative part computes the corrective reactions based on the rates at which

the differences have been changing. The P, I, and D parameters that allowed best

control of the apparatus were determined from trial-and-error. The D/A unit converts

the corrective reactions into voltage signals that are sent to the appropriate automatic

pressure regulators, thus readjusting the loads and deformations, and forming a real-

time feedback control operation.

2.3.5 Specimen Installation

Filter paper slots cut in a vertical style were attached to the specimen faces in the

σ3-direction. Parts of the slots covered the filter stones located on the sides of the

cap and base, providing drainage from the specimens to the volume change measuring

device. The cap, specimen, and base were surrounded by a 0.3 mm thick latex rubber

membrane. Pressure from the o-rings placed on the latex rubber membrane around

the cap and base sealed the specimens from the cell water. The horizontal loading
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system was installed and the rest of the triaxial cell was assembled. Double greased

layers of latex rubber membrane 0.3 mm thick were provided on the cap, base, and

both horizontal loading plates to reduce friction between the specimens and the rigid

boundaries in the σ1- and σ2-directions.

The filter paper was saturated using the standard CO2 method. Gaseous CO2

was introduced through the bottom drain line, pushing the air in the filter paper and

spaces between the membrane and specimen out through the top drain line. The

gaseous CO2 was then replaced by de-aired water introduced through the bottom

drain line. A constant back pressure of 100 kPa was applied to the specimens through

the volume change device. B-values measured after the application of back pressure

in all tests were 0.98 and higher, indicating satisfactory degrees of saturation.

2.3.6 Testing Program

The specimens were consolidated at an isotropic effective stress of 250 kPa. Ten

true triaxial tests with a constant mean effective stress (p′ = (σ′1 + σ′2 + σ′3)/3) equal

to 250 kPa and constant values of Lode angle (equal to 0◦, 20◦, 40◦, . . . , 180◦) were

performed. The Lode angle is measured counterclockwise in the octahedral plane

from the major principal stress direction coinciding with the z -axis as shown in Fig.

2.3(a).

In addition, two triaxial compression tests, one on a vertical specimen and one

on a horizontal specimen, were performed with a constant effective cell pressure of

250 kPa. These additional tests were performed to add data points for these two
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important test conditions and to study the details of shear banding, which occurs in

the softening regime in triaxial compression tests.

Since the principal stress directions of the true triaxial apparatus are fixed, spec-

imens were installed in the apparatus in three different orientations such that the

specimen axes of material symmetry coincided with the σ1-, σ2-, and σ3-directions,

as shown in Fig. 2.3(b).

The half space in Fig. 2.3(b) can be divided into three sectors. In sector 1,

0◦ < θ < 60◦, σ1 is parallel to, and σ2 and σ3 are perpendicular to the z -axis. Here

the b-values are computed from

b =
σy − σx
σz − σx

(2.3)

In sector 2, 60◦ < θ < 120◦, σ2 is parallel to, and σ1 and σ3 are perpendicular to the

z -axis. Here the b-values are computed from

b =
σz − σx
σy − σx

(2.4)

Finally, in sector 3, 120◦ < θ < 180◦, σ1 and σ2 are perpendicular to, and σ3 is parallel

to the z -axis. Here the b-values are computed from

b =
σy − σz
σx − σz

(2.5)

The values of b in each sector varied from zero, when the rectilinear stress path was

along a major principal stress direction (true triaxial compression), to unity when
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the rectilinear stress path was along a minor principal stress direction (true triaxial

extension).

The specimens were loaded under conditions of strain control in the vertical di-

rection and stress control in the horizontal directions. The computer control program

obtained a constant vertical strain rate by readjusting the pressure in the external

cylinder through the automatic pressure regulator. The major principal stress (σ1)

was determined and the pressure inside the internal horizontal cylinder and the cell

pressure were readjusted so the Lode angle or b-value and the mean stress were con-

stant. The dimensions of the specimens were updated in real time to allow accurate

calculation of the stresses and strains. All tests were continued to well after peak

failure. After the test was stopped, the triaxial cell was disassembled and the hori-

zontal loading system was detached. The latex rubber membranes surrounding the

specimens were cut and photographs of the specimens were taken. The specimen di-

mensions after testing and shear band inclinations (if any) were carefully documented.

The specimens were then stored in a humidity control room for subsequent study of

the density and thickness of shear bands in the normally consolidated clay using high

resolution X-ray CT scanning (not reported here).

2.3.7 Determination of Strain Rate

The procedure to determine the proper axial strain rate for the drained tests can be

summarized as follows. The most critical testing condition (in terms of drainage) in

which the vertical strain-to-failure was smallest and the specimen hydraulic conduc-
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tivity was lowest was first sought. Three isotropic consolidation tests at an effective

confining stress of 250 kPa were performed on specimens with all three orientations

using the same installation procedure in the true triaxial apparatus. The results in-

dicated that the hydraulic conductivity of the specimen with the z -axis parallel to

the σ3-direction was the lowest of the three. Judging from the stress-strain results

presented by Wang and Lade (2001), the strains-to-failure of b = 0.67 tests were as-

sumed to be the smallest of the four b-values considered. Four true triaxial tests with

b = 0.67 on horizontal specimens whose axes of material symmetry coincided with

the σ3-direction (θ = 160◦) were performed at axial strain rates of 0.01, 0.005, 0.001,

0.0005 %/min. The specimens were isotropically consolidated at an effective confin-

ing stress of 250 kPa. The mean stress was kept constant at 250 kPa and drainage

from the specimens was allowed during shear. In each test, shearing was halted and

the stresses were held constant when the vertical strain was 0.25%. The drain line to

the volume change device was then closed, creating undrained conditions. The pore

pressures increased and stabilized within about two hours. The drain line was then

opened and the test continued. The same procedure was repeated at vertical strains

of 2.5 and 6%. The stabilized pore pressures were found to decrease with decreasing

strain rate and increasing vertical strain. The strain rates of 0.001 %/min resulted

in very slightly larger pore pressures than those of 0.0005 %/min. The pore pressure

changes at the rate of 0.001%/min were 7%, 4% and 2% of the cell pressures when

the vertical strains were 0.25, 2.5, and 6%, respectively.

An axial strain rate of 0.001%/min was adopted for the true triaxial testing pro-

gram. Although the axial strain rate resulted in partially drained conditions at the
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beginning of shear, it was still chosen because practically drained conditions were

obtained at higher strains, and lower strain rates did not significantly decrease the

excess pore pressures. This strain rate also allowed true triaxial tests to finish in an

amount of time in which the apparatus functioned reliably. During the production

testing, pore pressure changes were also monitored in selected true triaxial tests with

other b-values using the same procedure discussed above. The monitored pore pres-

sure changes were practically equal to, or smaller than those obtained in the trial

tests. In the subsequent development, fully drained conditions were assumed when

the specimens were sheared under vertical strain control with a strain rate of 0.001

%/min. The effective stresses were σ′i = σi−uback, i = 1, 2, 3, where σi are the total

stresses and uback = 100 kPa is the back pressure held constant throughout the tests.

Necessary corrections due to the stiffness of the latex rubber membrane and slotted

filter paper, the deformation of lubricating layers, and the volumetric compliance of

filter paper were made during the computations of the measured stresses and strains.

2.4 EXPERIMENTAL RESULTS

2.4.1 Stress-Strain Behavior

The principal stress differences (σ1−σ3) and volumetric strains (εv) are plotted versus

the major principal strains (ε1) for tests in the three sectors in Figs. 2.4, 2.5, and 2.6.

Failure points, defined as the points of maximum effective stress ratio (σ′1/σ
′
3), are

denoted by the solid symbols. In drained tests, points of maximum effective stress
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ratio are also points of maximum principal stress difference.

In triaxial compression tests (b = 0.00) the stress differences gradually increase

over rather large intervals of major principal strain. Smooth failure with uniform

stresses and strains is attained in each triaxial compression test. The stress-strain

curves first gradually descend after failure, followed by a rather abrupt decrease in

slope. Shear bands were observed to initiate at the abrupt decrease in slope in the

softening regime. This was more clearly seen in the two triaxial compression tests

with constant effective confining pressure (not shown in these diagrams).

For tests with b > 0.00, failure is reached at smaller values of major principal

strain. Peaks in the stress-strain response are followed by significant reduction in

strength. The stress-strain curves then level off or increase slightly in some tests.

Shear bands were observed in all tests. Except for the test at θ = 160◦ (b = 0.67 in

sector 3), the stress-strain curves for b = 0.35 and 0.67 are practically identical up

to major principal strains of 3-4 % in all sectors. Thereafter, the curves associated

with the b = 0.67 tests deviate in that they approach failure at lower strengths. The

stress-strain curves associated with the b = 1.00 tests are similar to those for the

b = 0.35 and 0.67 tests, but tend to reach failure at smaller shear strengths.

The effects of initial cross-anisotropy on the stress-strain behavior of the clay can

be studied by comparing the results of tests from different sectors but with similar

b-values. From such comparisons it is evident that the stress-strain curves increase

most rapidly in sector 1, and least rapidly in sector 3. At large strains, the stress-

strain curves of all tests except the one associated with b = 1.00 of sector 1 increase

at slower rates than those of sector 2.
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The volumetric strains are contractive during shear for all values of θ as shown

in Figs. 2.4(b), 2.5(b) and 2.6(b). Independent of b-value, contractive volumetric

strains during shear with constant Lode angles and under constant mean effective

stresses have also been reported for NC and lightly overconsolidated clays by Nakai

et al. (1986) and by Callisto and Calabresi (1998). In the present investigation the

stress paths during shear are located in the same octahedral plane with p′ = 250

kPa. It follows that only the deviatoric components of the stresses change on this

plane. Therefore, the volumetric strains are due only to the deviatoric components

of the stresses. The volumetric strain-major principal strain relationships are very

similar, but appear to be ordered such that slightly more contraction is observed

with increasing b-value in each of the three sectors. This pattern, however, vanishes

at larger strains, since the volumetric strain curves practically merge to a single curve.

Close observation indicates that the volumetric strains are least contractive in sector

1 and most contractive in sector 3. As shown in Figs. 2.4(b), 2.5(b), and 2.6(b), in

all true triaxial tests, specimens exhibit positive volumetric contraction rates (ε̇v/ε̇1)

at failure.

The strains-to-failure in the direction of the major principal stress are plotted

versus b in Fig. 2.7. The major principal strain-to-failure for the b = 0.00 test

of sector 1 is larger than that of sectors 2 and 3. In general, the major principal

strains-to-failure decrease sharply with b-values from 0.00 to 0.35, decrease slightly

for b = 0.67, and remain relatively constant toward b = 1.00. For b = 0.35, the major

principal strains-to-failure of the three sectors are practically identical. For b = 0.67

and 1.00 the major principal strains-to-failure are largest in sector 3 and smallest
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in sector 1. Finally, changes in b-value have more influence on the major principal

strains-to-failure at small b-values than at high b-values.

The values of secant moduli are evaluated at the shearing states corresponding to

50% of stress differences at failure. The results of these analyses are presented in Fig.

2.8. The secant moduli are largest in sector 1 and smallest in sector 3. The values of

the secant moduli in general increase by 5-10 MPa with b-values from 0.00 to 0.67,

and decrease by about 2.5 MPa for b = 1.00. Sector 2 is an exception, in which the

value of the secant modulus for b = 1.00 is about 1 MPa higher than that of b = 0.67.

The variation in secant moduli with b-value closely follows the pattern of variation

exhibited by the stress differences at failure with b-value in all three sectors.

The strains in the intermediate (ε2) and minor (ε3) principal stress directions are

plotted versus ε1 in Figs. 2.9, 2.10, and 2.11. The intermediate principal strains are

expansive for b = 0.00 and become more contractive for higher b-values. This is due

to increasing values of the intermediate principal stress. Values of b that result in no

intermediate strain (plane strain condition) are about 0.42, 0.35, and 0.26 for sectors

1, 2, and 3 respectively. The intermediate principal strains are least contractive in

sector 1 and most contractive in sector 3.

In tests with b > 0.00, noticeable changes in the slopes of the intermediate prin-

cipal strain curves take place shortly after failure and the curves level off thereafter.

During the changes in the slopes of the intermediate strain curves, the stress-strain

curves undergo reduction in strength and level off. The test with b = 1.00 in sector 3

is an exception. In this test σ1 = σ2 are both parallel with the bedding planes and,

due to the symmetry around the vertical material axis, the strains continue at similar
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magnitude well beyond peak failure. Shear bands caused by σ1 and σ2 formed at the

same time in this test. Although σ2 decreases during the reduction of strength after

failure, it still causes the specimen to deform due to sliding of the soil blocks along

the shear plane parallel to the σ1-direction, and the computed intermediate principal

strains continue to increase as shown in Fig. 2.11(a).

The minor principal strains are expansive for all tests and become more expansive

with increasing b-values. The minor principal strains are least expansive in sector

1 and most expansive in sector 3. The triaxial compression tests (b = 0.00) are

exceptions, since the minor principal strains are practically identical.

2.4.2 Strength Characteristics

The principal effective stresses at failure are plotted on the octahedral plane with

a mean effective stress of 250 kPa in Fig. 2.12. The clay is cross-anisotropic and

stress points at failure are therefore symmetric around the vertical axis. The effective

friction angles are determined from the points of maximum stress ratio and are plotted

versus b in Fig 2.13. The experimental failure surface and effective friction angles are

compared with the Mohr-Coulomb failure criterion and with Lade’s failure criterion

(Lade, 1977), which are also plotted in Figs. 2.12 and 2.13. The Mohr-Coulomb

failure criterion without cohesion can be expressed in terms of the major principal

effective stress and minor principal effective stress.

σ′1 − σ′3
σ′1 + σ′3

= sinϕ′ (2.6)
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A value of ϕ′ = 23.81◦ represents the effective friction angle of the test with b =

0.00 of sector 1. The trace of the Mohr-Coulomb failure criterion on the octahedral

plane is shaped like an irregular hexagon symmetric about the principal stress axes.

The Mohr-Coulomb failure surface on the octahedral plane is straight in each sector

because it does not take the intermediate principal stress into account. The predicted

friction angles are constant and independent of b-value as shown in Fig. 2.13.

Lade’s failure criterion is expressed by means of the first (I1 = σ′1 + σ′2 + σ′3) and

third (I3 = σ′1σ
′
2σ
′
3) effective stress invariants:

(
I31
I3
− 27

)(
I1
pa

)m
= η1 (2.7)

in which pa = 100 kPa is the atmospheric pressure, the parameter m indicates the

curvature in meridian planes, and η1 gives the opening angle of the failure surface.

Both m and η1 are dimensionless model constants. Since all tests were performed in

one octahedral plane, it is not possible to determine the value of m. However, from

the results of the triaxial compression test in sector 1 the ratio I31/I3 is found to be

35.1.

The trace of Lade’s failure criterion in the octahedral plane is shaped like a

rounded triangle that is symmetric about the principal stress axes. Lade’s failure

criterion takes the intermediate principal stress into account so the failure surface in

the octahedral plane of each sector is curved. According to this criterion, the friction

angles increase by about 5◦ for b-values from 0 to 0.5 and decrease by about 3◦ when

the b-value increases toward unity. In comparison, the experimental failure surface in
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the octahedral plane of each sector is curved, showing the fact that the intermediate

principal stress or b-value influences the failure of the clay. The friction angles are

lowest when b = 0.00 and increase by about 3◦ up to b = 0.35. They then remain

relatively constant up to b = 0.67, and decrease slightly by about 1◦ as b approaches

unity. The Mohr-Coulomb failure criterion under-predicts, whereas Lade’s failure cri-

terion over-predicts the strengths and friction angles in all tests performed, except in

the triaxial compression test of sector 1. The experimental failure surface and ϕ′ − b

relationships are bounded by the Mohr-Coulomb failure surface to the inside, and by

Lade’s failure criterion to the outside. The effects of initial cross-anisotropy have not

been erased by the shearing process and are still pronounced at failure. When tests

from different sectors but with similar b-values are compared, the effective friction

angles in sector 2 are largest while those in sector 3 are smallest.

2.4.3 Shear Bands

Shear bands, that is, the localization of deformation in thin zones of intense shearing,

were observed in the hardening regime for all tests with b > 0.00 and in the softening

regime for b = 0.00. Shear bands parallel to the σ2-direction traversed the specimens

and these were separated into blocks by the shear bands of very small thickness. In

some tests the sliding blocks interfered with the top and bottom end plates. This

resulted in the slight increases of the stress-strain curves after they leveled off, as

shown in Figs. 2.4(a), 2.5(a), and 2.6(a). The test with b = 1.00 in sector 3 is an

exception in which shear bands simultaneously formed in two directions. Two shear
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bands, both parallel to the σ1-direction formed diagonally, crisscrossing the specimen.

A single shear band also formed parallel to the σ2-direction in this test.

Intersection of shear bands with the σ3-faces resulted in offsets of the specimen

geometry. A typical example of shear bands and offsets is shown in Fig. 2.14. The

presence of shear-band offsets on the σ3-faces was usually observed at 0.25 to 0.5%

after failure in the ε1-direction. Since the horizontal loading plates prohibit direct

observation of the specimens on the σ2-faces, the exact points of shear band initiation

in the specimens are not known. Shear bands may initiate earlier and may coincide

with the failure points. It is likely that development of shear bands in tests with

b > 0.00 was the cause of peak failure.

In these tests shear bands prevent the stress-strain curves from further ascending

and from attaining failure states in which the stresses and strains are uniform. There-

fore, shear banding occurred in the hardening regime and the development of shear

bands was the reason for the failure. Thus, the smooth peak failure corresponding to

homogeneous behavior was not reached in the tests with b > 0.00. This may explain

why the experimental failure points of tests with b > 0.00 are located inside Lade’s

failure surface in all sectors of Figs. 2.12 and 2.13.

In similar tests on sand, Lade (2003) showed that shear banding reduced the

measured friction angle in the mid-range of b-values and this was predicted from a

constitutive model in which the failure criterion in Eq. (2.7) was employed. Thus, it

is plausible that the measured friction angles for the cross-anisotropic kaolin clay are

correct and may be predictable from a model that employs the criterion in Eq.(2.7).

For the tests on kaolin clay in which shear bands are present, the failure points,
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which are likely the points of shear band initiation, are observed when the specimens

undergo volumetric contraction. The specimens continue to undergo volumetric con-

traction even beyond failure while the stress-strain curves show reduction in strength.

This finding does not agree with the general perception that shear bands initiate and

develop in granular materials that dilate at the onset of shear banding (Wang and

Lade, 2001; Desrues and Viggiani, 2004). In a granular material, volumetric dilation

causes the void ratio to increase and the material to become weaker, thus allowing

shear bands to initiate and develop. Volumetric contraction, however, would have

the opposite effect in granular materials as it reduces the void ratio and causes the

material to gain strength. This makes it more difficult for shear bands to initiate and

develop through the material, causing the smooth peak failure mechanism to be more

likely.

Since shear bands are observed in all tests, and the initiation points are observed

when the clay undergoes volumetric contraction, the mechanism for shear banding in

NC clay appears to be different from the one discussed above for granular materials.

This may be due to the shape of clay particles which are platy. After initiation of a

shear band, the clay particles in the zone of maximum shear stress ratio (τmax/σ
′) may

reorient into a preferred orientation and start to slide along each other, face-to-face

and parallel to the direction of maximum shear stress ratio. The spaces between the

clay particles in the zone of sliding may decrease and the pore water may be squeezed

out. This process may result in a slickensided plane or shear band that progressively

grows and extends across the specimen. The strength of the specimen decreases as

the shear band develops. As the shear band fully develops, the specimen is separated
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into two blocks sliding along each other. The clay may reach the critical state in

which shear deformations in the sliding zone continue with a constant volume and a

constant shear resistance. All measured deformations in the σ1- and σ3-directions are

caused by the sliding of the two blocks and no deformations occur in the σ2-direction.

The strains as well as the stresses are no longer uniform. The observed behavior is not

a constitutive characteristic, but rather a softening response of the specimen under a

discontinuity of the deformation field.

For tests in which shear bands are present, the shear band inclination angles (Θ)

relative to the σ3-direction are plotted versus b for sectors 1, 2 and 3 in Fig. 2.15. The

measured shear band inclination angles are compared with the theoretical predictions

put forth by Coulomb, Roscoe (1970), and Arthur et al. (1977). Coulomb’s criterion

is given in the following:

Θ = 45 +
ϕ′

2
(2.8)

Roscoe’s criterion assumes that the angle is governed by the angle of dilation (ψ) at

failure.

Θ = 45 +
ψ

2
(2.9)

The angle of dilation at failure is determined from the dilatancy rate at failure

(ε̇v/ε̇1)f :

ψ = sin−1
(
− (ε̇v/ε̇1)f

2− (ε̇v/ε̇1)f

)
(2.10)

Arthur’s criterion suggests that shear band inclination angles depend on both the
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effective friction angle and angle of dilation at failure i.e.,

Θ = 45 +
ϕ′ + ψ

4
(2.11)

The measured shear band inclination angles are very consistent, varying between

56◦ and 58◦. They are not noticeably influenced by either b-value, the sector in

which they were observed, or the initial cross-anisotropy. The measured shear band

inclination angles agree well with Coulomb’s criterion in all sectors. Roscoe’s and

Arthur’s criteria, however, under-predict the angles by 8◦ to 15◦.

2.4.4 Repeatability of True Triaxial Tests

Additional tests in sector 1 with b-values of 0.00, 0.35, 0.67, and 1.00 were performed

to investigate the repeatability of the adopted experimental procedure. The strains-

to-failure in the major principal stress direction, values of secant moduli at 50% of

stress differences at failure, effective stresses at failure, and effective friction angles

of these additional tests are also plotted in Figs. 2.7, 2.8, 2.12, and 2.13 using the

crossed square symbols. The stress-strain, volume change, intermediate principal

strain, minor principal strain curves, and variation in shear band inclination angles

are however not plotted for the sake of clarity.

The stress-strain, volume change, intermediate principal strain, and minor prin-

cipal strain curves of these additional tests are very close (with small experimental

scatters) to those of the representative tests of sector 1 discussed in the preceding sec-
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tions. This suggests that the adopted experimental procedure is capable of producing

test results with high degrees of repeatability. The strains-to-failure of the additional

tests are close to those of the representative tests as shown in Fig 2.7. Experimental

scatters are smaller than 1.5% in ε1. As shown in Fig. 2.8, the values of secant moduli

of the additional tests are within 2.5 MPa from those of the representative tests. The

effective stresses at failure and effective friction angles are also close to those of the

representative tests as shown in Figs. 2.12 and 2.13. Experimental scatters for the

friction angles are within 1.5 degrees. The measured shear band inclination angles of

the additional tests are practically identical to those of the representative tests.

The experimental scatters observed in the tests in sector 1 are relatively small.

Since no additional tests were performed in sectors 2 and 3, the same magnitudes of

experimental scatters observed in sector 1 are assumed for those in sectors 2 and 3.

The observations made on the stress-strain, volume change, shear band, and strength

characteristics of the normally consolidated anisotropic clay discussed in the preceding

sections should not be appreciably altered, bearing in mind the small magnitudes of

experimental scatters of all sectors.

2.5 CONCLUSIONS

Drained true triaxial tests with a constant mean effective stress of 250 kPa and con-

stant Lode angles were performed on normally consolidated cross-anisotropic spec-

imens using a true triaxial apparatus. Additional triaxial compression tests were

performed with a constant effective confining pressure of 250 kPa on vertical and
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horizontal specimens. The results allowed investigation of the effects of b-value in

each of the three sectors in the octahedral plane as well as initial cross-anisotropy on

the stress-strain, volume change, strength and shear band formation characteristics

of normally consolidated kaolin clay.

In triaxial compression (b = 0.00) tests, the stress differences gradually increased

over large intervals of strain. Smooth peak failure with uniform stresses and strains

was attained in these tests. The stress-strain curves then gradually descended af-

ter failure. Shear bands were observed in the softening regime in the triaxial tests

performed with constant effective confining pressure.

The stress-strain relationships for the tests with b > 0.00 increased over smaller

intervals of major principal strain. Pointed peaks were reached, and followed by sig-

nificant reduction in strength. Shear bands were observed in the hardening regime in

these tests. Independent of θ, the major principal strains-to-failure generally sharply

decreased with b-values from 0.00 to 0.35, slightly decreased for b = 0.67, and re-

mained relatively constant for b = 1.00. The values of the secant moduli generally

increased with increasing b-values to b = 0.67 and then decreased toward b = 1.00.

The volumetric strains were contractive during shear for all tests and became slightly

more contractive with increasing b-values. The intermediate principal strains were

expansive for b = 0.00 and became contractive for higher b-values. The minor prin-

cipal strains were expansive for all tests and became more expansive with increasing

b-values.

For each constant b-value, the stress-strain curves increased most rapidly in sector

1 of the octahedral plane and least rapidly in sector 3. The major principal strain-to-
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failure for the test with b = 0.00 of sector 1 was larger than those for sectors 2 and 3.

For b = 0.35, the major principal strains-to-failure of the three sectors were practically

identical. Although very similar, the major principal strains-to-failure were largest in

sector 3, and smallest in sector 1 for b = 0.67 and 1.00. The values of secant moduli

were generally largest in sector 1 and smallest in sector 3. The volumetric strains

were least contractive in sector 1 and most contractive in sector 3. The intermediate

principal strains were, in general, least compressive in sector 1 and most compressive

in sector 3. The minor principal strains in general were least expansive in sector 1

and most expansive in sector 3.

The failure surface in the octahedral plane was curved, showing the influence of

the intermediate principal stress on failure of the clay. The Mohr-Coulomb failure

criterion under-predicted the strengths and friction angles, whereas Lade’s failure

criterion over-predicted these quantities. The effects of initial cross-anisotropy were

not erased by the shearing process and were still pronounced at failure. The strengths

and friction angles in sector 2 were, in general, largest while those in sector 3 were

smallest.

The shear-band offsets on the σ3-faces were observed at 0.25 to 0.5 % beyond

failure in the direction of the major principal strain. Development of shear bands

caused failure in all tests, except in triaxial compression. The shear bands initiated

while the clay underwent volumetric contraction. The measured inclination angles

of shear bands varied between 56◦ and 58◦. They were not noticeably influenced by

either b-value or the initial cross-anisotropy. The measured inclination angles of shear

bands agreed well with Coulomb’s criterion in all sectors.
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The mechanism of shear banding was observed to be different from that in granular

materials. In clays, a lower strength is obtained when the platy particles align face-

to-face with each other, and are oriented in the direction of maximum shear stress

ratio. This is different from granular materials, in which the lower strength is caused

by dilation of the material resulting in looser soils with lower friction angles.
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Figure 2.1: Vertical and horizontal specimens. Axis of material symmetry perpendic-
ular to particle bedding planes is denoted by z -axis.
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Figure 2.2: True triaxial Apparatus: (a) cutaway view of cell, and (b) photograph of
horizontal loading system (after Shapiro and Yamamuro (2003)).
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Figure 2.3: Visualization of Lode angle (θ) in octahedral plane (a) and rectilinear
stress paths in octahedral plane employed in true triaxial tests (b).
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Figure 2.4: (a) Stress difference-major principal strain, and (b) volumetric strain-
major principal strain relationships for 0◦ < θ < 60◦ (sector 1).
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Figure 2.5: (a) Stress difference-major principal strain, and (b) volumetric strain-
major principal strain relationships for 60◦ < θ < 120◦ (sector 2).
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Figure 2.6: (a) Stress difference-major principal strain, and (b) volumetric strain-
major principal strain relationships for 120◦ < θ < 180◦ (sector 3).
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Figure 2.7: Variation of strains-to-failure in direction of major principal stress with
values of b.
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Figure 2.8: Variation of secant moduli evaluated at 50% of stress differences at failure
with values of b.
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Figure 2.9: (a) Intermediate principal strain-major principal strain, and (b) minor
principal strain-major principal strain relationships for 0◦ < θ < 60◦ (sector 1).
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Figure 2.10: (a) Intermediate principal strain-major principal strain, and (b) minor
principal strain-major principal strain relationships for 60◦ < θ < 120◦ (sector 2).
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Figure 2.11: (a) Intermediate principal strain-major principal strain, and (b) minor
principal strain-major principal strain relationships for 120◦ < θ < 180◦ (sector 3).
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Figure 2.12: Experimental failure surface in octahedral plane with p′ = 250 kPa.
Mohr-Coulomb and Lade’s failure surfaces corresponding to strength of b = 0.00 test
of sector 1 are also plotted for comparison.
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Figure 2.13: Variation of experimental effective friction angles with values of b. Varia-
tions of effective friction angles predicted by Mohr-Coulomb and Lade’s failure criteria
with values of b are also plotted for comparison.
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Figure 2.14: Shear band developed parallel to σ2-direction, and offset of specimen
geometry on specimen’s σ3-face.
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Figure 2.15: Variation of shear band inclination angles versus b. Variation of predic-
tions by Coulomb, Roscoe and Arthur’s criteria with values of b are also plotted for
comparison.
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3.1 ABSTRACT

The capabilities of anisotropic and isotropic bounding surface plasticity models under

fully three-dimensional stress states are investigated. The models assume an associ-

ated plastic flow rule and are based on bounding surface elastoplasticity and the

critical state theory. The predictions of the models are compared to the stress-strain,

volume change, and strength characteristics observed in drained true triaxial tests

with a constant effective mean stress and constant Lode angles during shear on nor-

mally consolidated anisotropic kaolin clay. The bounding surface models can predict

the influence of intermediate principal stress on the behavior of the clay but with

magnitudes considerably different from those observed in the experimental results.

The effects of initial cross-anisotropy on the behavior of the clay, however, cannot be

fully predicted by the anisotropic bounding surface model. These incapabilities are

largely due to the use of associated plastic flow rule. More realistic predictions can

also be obtained by incorporating a model feature that allows bifurcation from the

uniform stress-strain conditions into a localized failure mode or shear bands.

3.2 INTRODUCTION

Several plasticity constitutive models have been proposed to simulate the behavior

clay. The introduction of critical state theory by Schofield and Wroth (1968) allowed

Roscoe and Burland (1968) to propose the Modified Cam Clay model which assumed

an ellipse in the p′-q plane as the yield surface. The ellipse can expand or contract

according to an isotropic hardening law. Changes of stress inside the yield surface
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predict only elastic strain changes. This implies that the Modified Cam Clay model

predicts excessively large elastic response for overconsolidated clay and can not predict

hysteretic plastic strains or accumulated pore pressure changes under cyclic loads.

To avoid such problems, the concepts of kinematic hardening plasticity (Prévost,

1978; Mrǒz et al., 1978) and bounding surface plasticity (Mrǒz et al., 1979; Dafalias

and Herrmann, 1980) were proposed for clay. The kinematic hardening models have

shown evident flexibility in predicting complex behavior of clay (Darve et al., 1986).

However, the drawback of employing the kinematic hardening models is largely due

to numerical difficulties in their implementation of the models (Vermeer and Borst,

1984). An alternative to modeling the behavior of clay under complex loads, with less

numerical difficulties, is realized by using models based on the concept of a bounding

surface in stress space.

Such models assume a bounding surface in stress space that is separated from a

loading surface which the current stress is on and an elastic nucleus in which purely

elastic response is predicted. The loading surface and elastic nucleus are contained

within the bounding surface. A bounding surface model also assumes an explicit

dependence of the plastic modulus on the Euclidean distance (δ) between the current

stress and its image on the bounding surface. A mapping rule is assumed to obtain

the image stress from the current stress. The assumptions allow a smooth transition

from elastic to plastic response and prediction of plastic strains inside of the bounding

surface. This makes the bounding surface model a viable way to predict the behavior

of overconsolidated clay as well as the behavior of clay under complex loads. Several

assumptions on the shapes of bounding surfaces, hardening laws, mapping rules,
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and functions defining the plastic modulus from δ have resulted in variations of the

bounding surface plasticity models.

Dafalias and Herrmann (1980), Dafalias (1986), and Dafalias and Herrmann (1986)

proposed an isotropic bounding surface model based on the critical state theory. The

Dafalias-Herrmann model assumes a bounding surface consisting of two ellipses and a

hyperbola in the space of the first effective stress invariant (I) and the deviatoric stress

invariant (J). The bounding surface is generalized in three-dimensional stress space

by means of suitable functions that depend on the Lode angle (θ). An associated

plastic flow rule is used to determine plastic strain rates. The rates at which the

bounding surface expands or contracts depend directly on volumetric plastic strain

rates. A function describing the plastic modulus in terms of δ was proposed.

Anandarajah and Dafalias (1986) modified the Dafalias-Herrmann model to al-

low rotation of the bounding surface from the hydrostatic axis. This modification

was made to take into account the effect of cross and induced anisotropy caused by

anisotropic stress conditions. The bounding surface rotates from the hydrostatic axis

according to a rotational hardening law. An associated flow rule is assumed while

determining plastic strain rates. In addition to the ability to expand and rotate,

the bounding surface is also allowed to stretch or skew by means of a distortional

hardening law.

Kaliakin and Dafalias (1989, 1990a,b) modified the Dafalias-Herrmann model to

predict both time-dependent and independent behavior. The Kaliakin-Dafalias model

assumes an isotropic single ellipse as the bounding surfaces in the I-J plane. A simple

version of the plastic modulus function was proposed. When the time-dependent



66

feature of the model is not activated, a simplified version of the Dafalias-Herrmann

model is obtained. An associated plastic flow rule is still assumed for the Kaliakin-

Dafalias model.

Motivated by Anandarajah and Dafalias (1986), Ling et al. (2002) modified the

isotropic Kaliakin-Dafalias model to allow rotation and stretching of the elliptical

bounding surface. A plastic modulus function, simplified from Kaliakin and Dafalias

(1989), and a rotational hardening law, simplified from Anandarajah and Dafalias

(1986), were proposed.

The bounding surface plasticity models have been observed to predict the stress-

strain, volume change, and strength characteristics of clay under axisymmetric stress

conditions with good accuracy (Mrǒz et al., 1979; Dafalias and Herrmann, 1980;

Dafalias, 1986; Anandarajah and Dafalias, 1986; Kaliakin and Dafalias, 1989, 1990a,b;

Ling et al., 2002). The axisymmetric stress conditions imply σ1 > σ2 = σ3 or σ1 =

σ2 > σ3 where σ1, σ2, and σ3 are the major, intermediate, and minor principal

stresses, respectively. However in common geotechnical engineering problems, most

loading conditions result in fully three-dimensional stress conditions in which σ1, σ2,

and σ3 are different. Such stress conditions usually apply to soil elements in the

ground that show initial or inherent cross-anisotropy due to preferred orientation of

the soil particles developed during deposition of the soils. The quality of numerical

modeling of such geotechnical engineering problems largely depends on the ability of

the soil constitutive models to correctly predict the behavior of the cross-anisotropic

soils under fully three-dimensional stresses. Very few investigations of the capabilities

of bounding surface models for anisotropic clay under fully three dimensional stresses
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have been performed. This is largely due to a lack of experimental results to which the

predictions of the bounding surface models can be compared. Due to the availability

of experimental results obtained from a series of drained true triaxial tests with a

constant mean effective stress and constant Lode angles during shear on normally

consolidated anisotropic kaolin clay by Anantanasakul (2010), the current study was

undertaken. Presented herein is a study of the capabilities of the anisotropic Ling et

al., and isotropic Kaliakin-Dafalias bounding surface models to predict the behavior of

normally consolidated anisotropic clay under fully three-dimensional stresses. A series

of numerical simulations on the true triaxial tests were performed by the two bounding

surface models and the model predictions were compared to the experimental results.

Assessment of the capabilities and recommendations toward improvements of the two

bounding surface models for clay were then made.

3.3 DESCRIPTIONS OF MODELS

The formulation of the anisotropic Ling et al. bounding surface model is discussed.

Deviations from the anisotropic model that result in the isotropic Kaliakin-Dafalias

model are made in parallel as necessary.

3.3.1 Bounding Surfaces

The anisotropic bounding surface model predicts the elastic-plastic response based

on the the distance between the current stress σij and its corresponding image σ̄ij on
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the bounding surface, F (σ̄ij, αij, R, I0) = 0, in stress space which takes the following

form:

F = (Ī − I0)
(
Ī +

R− 2

R
I0

)
+ (R− 1)2

J̄2
a

χ/27
(3.1)

where

J̄2
a = (s̄aij s̄

a
ij)/2 (3.2)

s̄aij = s̄ij − Īαij/3 (3.3)

χ =
2k

1 + k − (1− k) sin 3θ̄a
χc (3.4)

sin 3θ̄a =
3
√

3

2

(
s̄a
J̄a

)3

(3.5)

s̄3a = s̄aij s̄
a
jks̄

a
ki/3 (3.6)

k = χe/χc (3.7)

χc = f(Mc, α, R) (3.8)

χe = f(Me, α, R) (3.9)

f(M,α,R) =
M − α

2

(
2α(R− 1)2 +M − α +

√
4α(R− 1)2M + (M − α)2

)
(3.10)

α =

√
3αijαij

2
(3.11)

In the above expressions Ī = σ̄kk is the first effective stress invariant associated with

“image” points on the bounding surface, s̄ij is the deviatoric image stress, and αij

is the anisotropic tensor controlling the rotation of the bounding surface from the
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hydrostatic axis. The model parameters Mc and Me are the slopes of the critical

state lines, in the Cambridge p′-q plane, in compression and extension respectively.

The length-to-width ratio of the elliptical bounding surface is denoted by R.

The bounding surface of the isotropic Kaliakin-Dafalias model is obtained by not

allowing rotation and distortion of the bounding surface. That is, by setting αij = 0,

α̇ij = 0, and keep R constant. The functional form of the bounding surface thus

reduces to

F = (Ī − I0)
(
Ī +

R− 2

R
I0

)
+ (R− 1)2

J̄2

χ/27
(3.12)

where

J̄2 = (s̄ij s̄ij)/2 (3.13)

χ =
2k

1 + k − (1− k) sin 3θ̄
χc (3.14)

sin 3θ̄ =
3
√

3

2

( s̄
J̄

)3
(3.15)

s̄3 = s̄ij s̄jks̄ki/3 (3.16)

k = χe/χc (3.17)

χc = M2
c (3.18)

χe = M2
e (3.19)

The bounding surface in the Ia − Ja plane, where Ia ≡ I = σkk, (for the anisotropic

version) or I − J plane (for the isotropic version) is an ellipse whose shape is con-

trolled by the bounding surface configuration parameter R as shown in Fig. 3.1. The
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parameter R is a variable for the anisotropic model, while it is a constant for the

isotropic model. The anisotropic bounding surface rotates by an angle of arctan(α)

from the I-axis, while the bounding surface associated with the isotropic model is

centered around the I-axis. The projections of the right tips of the bounding surfaces

on the I-axis are denoted by I0.

The projection center is assumed to be on the Ia-axis for the anisotropic model,

and on the I-axis for the isotropic model. The projection center on the I-axis is

denoted by Ic, which is related to I0 through the Ic = CI0. Here 0 < C ≤ 1 is a

model parameter.

The anisotropic and isotropic bounding surfaces harden isotropically. Unlike the

isotropic bounding surface, the length-to-width ratio and orientation of the anisotropic

surface can change. The greater the value of R the flatter the bounding surface; the

greater the value of α, the farther the anisotropic bounding surface rotates from the

I-axis. Upon plastic straining the size, length-to-width ratio and orientation of the

bounding surface changes due to isotropic (İ0), distortional (Ṙ), and rotational (α̇ij)

hardening of the surfaces, respectively.

3.3.2 Isotropic Hardening

Both bounding surface models assume the same isotropic hardening law. The rate of

change of I0 depends on the plastic volumetric strain rate (ε̇pv = ε̇pkk). By assuming

an associate plastic flow rule, whose details will be discussed in a subsequent section,
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the isotropic hardening law takes the following form:

İ0 =
1 + e0
λ− κ

(< I0 − IL > +IL)

ε̇pv︷ ︸︸ ︷
< L > Rkk (3.20)

where

Rij =
∂F

∂σ̄ij
(3.21)

and L is the loading index, whose definition is postponed to a later section. The

<> denote Macauley brackets, with < L >= L if L > 0 and < L >= 0 if L ≤ 0.

The quantity e0 is the initial void ratio, and λ and κ are the slopes of the primary

loading and swelling portions of the e-ln p curve from a one-dimensional or isotropic

consolidation test. The quantity IL = pa/3 is introduced to stabilize the numerical

solutions of the models at low stresses. Finally, pa is the atmospheric pressure.

3.3.3 Rotational Hardening

The anisotropic model assumes that the direction of α̇ij coincides with the reduced

image deviatoric stress (s̄aij). The following expression defines the rotational hardening

of the bounding surface:

α̇ij = Λ1
1 + e0
λ− κ

< L > Rkks̄
a
ij (3.22)

where

Λ1 =
ψ1ξ

I0
exp

(
−ψ2

ρ

|ρ|
(1 + ρ)α

)
(3.23)
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ξ =

〈
1− J̄

N |Ī|

〉
(3.24)

ρ =
αij√
2
3
α
RS
ij (3.25)

RS
ij =

Rij −Rkkδij
|Rij|

(3.26)

The quantities ψ1 and ψ2 are model parameters, and N(θa) is the slope of the critical

state line in the I-J plane.

3.3.4 Distortional Hardening

The anisotropic model adopts the distortional hardening law proposed by Anandara-

jah and Dafalias (1986). It assumes that Ṙ depends on the plastic volumetric strain

rate according to the following expression:

Ṙ = Λ2
1 + e0
λ− κ

ε̇pv︷ ︸︸ ︷
< L > Rkk (3.27)

where

Λ2 = −ψ1ψ3ξ

(
J̄a
I0

)2

exp

(
−ψ2

ρ

|ρ|
(1 + ρ)α

)
(3.28)

and ψ3 is a model parameter.
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3.3.5 Mapping Rule

Each model relates the current stress to the image stress on the bounding surface

by the so-called “radial mapping rule” proposed by Hashiguchi and Ueno (1977). In

particular,

σ̄ij = b(σij − σcij) + σcij (3.29)

where σij denotes the current stress state and σ̄ij is the corresponding “image” stress

on the bounding surface (Fig. 3.1). σcij is the projection center in stress space, which

takes the forms:

σcij =
1

3
I0C(αij + δij) (3.30)

or

σcij =
1

3
I0C(δij) (3.31)

for the anisotropic and isotropic models, respectively. The quantity δij is the Kro-

necker delta (δij = 1 if i = j and δij = 0 if i 6= j). The radial mapping rule

implies that s̄aij = bsaij, s̄a = sa, and θ̄a = θa for the anisotropic model, and

s̄ij = bsij, s̄ = s, and θ̄ = θ for the isotropic model. For both models, Ī =

b(I − CI0) + CI0. The distance from the projection center to the image stress is

equal to r =
√

(σ̄ij − σcij)(σ̄ij − σcij). The distance from the projection center to the

current stress is r − δ =
√

(σij − σcij)(σij − σcij). It follows that the ratio of these

distances is thus

b =
r

r − δ
(3.32)

where 1 ≤ b ≤ ∞. For states on the bounding surface, δ = 0 and b = 1.
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The location of the projection center changes with I0 and αij. The rate of change

of the projection center is obtained by inserting the isotropic and rotational hardening

laws into the time derivatives of equations (3.30) or (3.31). That is,

σ̇cij =
1

3

(
1 + e0
λ− κ

)
C < L > Rkk

(
I0Λ1s̄

a
ij + (αij + δij)(< I0 − IL > +IL)

)
(3.33)

or

σ̇cij =
1

3

(
1 + e0
λ− κ

)
C < L > Rkk(< I0 − IL > +IL)δij (3.34)

for the anisotropic model and isotropic model, respectively.

3.3.6 Plastic Modulus

Both bounding surface models assume an associated plastic flow rule to describe the

plastic strain rate (ε̇pij). The associated plastic flow rule states that the direction of

ε̇pij coincides with the outward normal of the bounding surface at the image stress.

That is,

ε̇pij =< L >
∂F

∂σ̄ij
=< L > Rij (3.35)

When plastic strains are generated, the bounding surface function remains equal to

zero throughout the time increment in which the plastic strain rates are generated;

i.e., Ḟ = 0, which leads to

Ḟ =
∂F

∂σ̄ij
˙̄σij +

∂F

∂αij
α̇ij +

∂F

∂I0
İ0 +

∂F

∂R
Ṙ = 0 (3.36)
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Ḟ =
∂F

∂σ̄ij
˙̄σij +

∂F

∂I0
İ0 = 0 (3.37)

for the anisotropic model and isotropic model, respectively. Rearranging equations (3.36)

or (3.37), and inserting the hardening laws, the loading index has following form:

L =
1

K̄ p

∂F

∂σ̄ij
˙̄σij =

1

Kp

∂F

∂σ̄ij
σ̇ij (3.38)

The quantity K̄p is the plastic modulus associated with the image stress; it takes the

following forms:

K̄p = −1 + e0
λ− κ

Rkk

(
Λ1s̄

a
ij

∂F

∂αij
+ (< I0 − IL > +IL)

∂F

∂I0
+ Λ2

∂F

∂R

)
(3.39)

K̄p = −1 + e0
λ− κ

Rkk(< I0 − IL > +IL)
∂F

∂I0
(3.40)

for the anisotropic model and isotropic model, respectively. The quantity Kp in (3.38)

is the plastic modulus at the current stress. The value of Kp is positive for plastic

hardening, equal to zero during perfect plasticity or at failure, and is negative for

plastic softening. Kp and K̄p are related to each other by

Kp = K̄p +H (3.41)

The function H proposed by Ling et al. (2002) was found to give less accurate results

for certain soils. A more accurate function proposed by Kaliakin and Dafalias (1989) is

therefore used in this study for both models. The function H is assumed to depend on

the distance from the current to image stresses (δ) via the variable b in equation (3.32).
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In particular,

H =
1 + e0
λ− κ

pa
[
h(θ)z0.02 + h0(1− z0.02)

]
f

〈
b

b− 1
− sp

〉−1
(3.42)

where

f =
1

2

(
a+ sign(np)|np|1/w

)
(3.43)

h(θ) =
2µ

1 + µ− (1− µ) sin 3θ
hc (3.44)

The quantities sp, a, w hc, he, and h0 are model parameters, and µ = he/hc. The

variable z is defined as z = JR/NI0. The quantity np is the p component of the unit

outward normal vector to the bounding surface in the p′ − q plane.

3.3.7 Elastic-Plastic Relations

The total strain is additively decomposed into elastic and plastic parts; i.e.,

ε̇ij = ε̇eij + ε̇pij (3.45)

The elastic strain rate is related to the stress rate through

σ̇ij = Eijklε̇
e
kl = Eijkl(ε̇kl − ε̇pkl) (3.46)
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where Eijkl is the tangent elastic stiffness. By inserting equations (3.35) and (3.38)

into (3.46), the loading index can be expressed by means of the total strain rate; i.e.,

L =
1

Kp +RijEijklRkl

RijEijklε̇kl (3.47)

Inserting equation (3.47) back into (3.46), the stress rate can be related directly to

the strain rate.

σ̇ij = Dijklε̇kl (3.48)

where

Dijkl = Eijkl −
1

Kp +RijEijklRkl

(EijmnRmnRopEopkl) (3.49)

is the tangent elastic-plastic stiffness.

Both bounding surface models assume isotropic elasticity. The elastic response

is thus characterized by the values of two elastic parameters. The nonlinear bulk

modulus is given by

K =
(1 + e0)

3κ
(< I0 − IL > +IL) (3.50)

where e0, κ and IL are as previously defined. The second elastic parameter is either

the shear modulus G or Poisson’s ration ν. If ν is specified, then G is computed from

ν and K according to the relation G = 3(1− 2ν)K/(1 + ν). If G is instead specified,

then ν is computed from G and K according to the relation ν = (3K−2G)/2(3K+G).

The tangent elastic stiffness is expressed in terms of G and ν; i.e.,

Eijkl = G(δikδjl + δilδjk) +

(
2G(1 + ν)

3(1− 2ν)
− 2

3
G

)
δijδkl (3.51)
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3.4 THREE-DIMENSIONAL EXPERIMENTS ON ANISOTROPIC

KAOLIN CLAY

The bounding surface models are used to predict the results of consolidated-drained

true triaxial tests on anisotropic kaolin clay. The experimental program is now briefly

discussed.

3.4.1 Clay Tested

The kaolin clay used in the true triaxial tests has about 68% clay-sized particles and

32% silt-sized particles. Atterberg limit tests suggested a liquid limit of 47% and a

plastic limit of 30%. The activity of the clay is 0.25 and the specific gravity is 2.63.

3.4.2 Specimen Preparation

Dry powder kaolin clay was mixed with water at a water content twice the liquid

limit. The mixed clay was then consolidated in a double draining consolidation tank

at a vertical pressure of 200 kPa. Clay particles, which are platy in shape, realigned

during the one-dimensional consolidation such that their long axes were perpendicular

to the direction of consolidation, creating particle bedding planes in the clay perpen-

dicular to the direction of one-dimensional consolidation. After the one-dimensional

consolidation the clay was cross-anisotropic with the axis of material symmetry paral-

lel to the direction of one-dimensional consolidation. Cylindrical clay blocks 190 mm

in height and 260 mm in diameter were produced. Several specimens were trimmed
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from each clay block. A specimen was “vertical” if it was trimmed along the height

parallel to the direction of one-dimensional consolidation or the z-axis in Fig. 3.2. If

trimmed along the height perpendicular to the z-axis, the specimen was referred to

as being “horizontal.”

3.4.3 True Triaxial Tests

Prismatic rectangular specimens 73 mm wide, 73 mm long, and 170 mm high were

installed in the true triaxial apparatus described by Anantanasakul (2010). The cross-

anisotropic specimens were consolidated at an isotropic effective stress of 250 kPa,

making them normally consolidated. Ten true triaxial tests with a constant mean

effective stress equal to 250 kPa and constant Lode angles (θ) of 0◦, 20◦, . . . , 180◦

were performed. The Lode angle represents the angle measured in the octahedral

plane counterclockwise from the major principal stress direction coinciding with the

z-axis as shown in Fig. 3.3(a).

Since the principal stress directions of the true triaxial apparatus are fixed, spec-

imens were installed in the apparatus in three different orientations such that the

specimens’ axes of material symmetry (z-axis) coincided with the σ1-, σ2-, and σ3-

directions as shown in Fig. 3.3b. The half space in Fig. 3.3b can be divided into three

sectors. In sector 1, 0◦ < θ < 60◦, σ1 is parallel to, and σ2 and σ3 are perpendicular

to the z-axis. In sector 2, 60◦ < θ < 120◦, σ2 is parallel to, and σ1 and σ3 are perpen-

dicular to the z-axis. In sector 3, 120◦ < θ < 180◦, σ1 and σ2 are perpendicular to,

and σ3 is parallel to the z-axis. The ratio of principal stress differences (b) is defined
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by

b =
σ2 − σ3
σ1 − σ3

(3.52)

In each sector b varied from zero, when the rectilinear stress path was along a major

principal stress direction (true triaxial compression), to unity, when the rectilinear

stress path was along a minor principal stress direction (true triaxial extension).

The specimens were loaded under strain control with a rate of 0.001% per minute

in the vertical direction. Stresses were controlled in the horizontal directions. The

major principal stress σ1 was determined and the intermediate and minor principal

stresses were controlled so the Lode angle or b-value and the mean effective stress

were constant. All tests were continued to well after peak failure. The procedure to

determine the strain rate for drained tests is discussed by Anantanasakul (2010).

3.5 DETERMINATION OF MODEL PARAMETERS

The anisotropic bounding surface model requires 17 parameters (Ling et al., 2002),

while the isotropic model needs 14 parameters (Kaliakin and Dafalias, 1990a). The 14

parameters associated with the isotropic model are similar to the first 14 parameters

of the anisotropic model. The parameters associated with both models are determined

from the results of a one-dimensional consolidation test with an unload-reload cycle,

consolidated-undrained triaxial compression tests on overconsolidated specimens with

a preconsolidation pressure of 250 kPa and overconsolidation ratios (OCRs) equal to

1.0, 2.0, and 8.0, and consolidated-drained triaxial compression tests on normally

consolidated specimens with a constant effective confining stress of 250 kPa. All
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tests were performed on vertical specimens. An addition of one consolidated-drained

triaxial compression test on a normally consolidated horizontal specimen was also

performed to add more information to the results. The results of these tests are

shown in Figs. 3.4, 3.5, and 3.6.

3.5.1 Critical State Parameters: λ, κ, Mc, Me, G, and ν

The values of λ and κ were determined from the results of one-dimensional consoli-

dation test. A value of λ = 0.49 represents the slope of the primary loading portion,

whereas κ = 0.09 is the slope of the unloading-reloading portion of the e-ln p′ curve

shown in Fig. 3.4. The value of κ/λ = 0.19 falls in the range typically observed for

clays (Kaliakin, 1992).

By assuming no effective cohesion, the average effective friction angle obtained

from the undrained triaxial compression tests was ϕ̄′c = 23.7◦. The slope Mc = 0.93

of the straight effective failure envelope in compression in the p′−q plane was obtained

from:

Mc =
6 sin ϕ̄′c

3− sin ϕ̄′c
(3.53)

Since no triaxial extension tests were performed, the effective friction angle in exten-

sion was taken as the average effective friction angle of the true triaxial extension

tests (θ = 60◦, 180◦). As such, ϕ̄′e = 25.2◦. The slope Me = 0.75 of the straight

effective failure envelope in extension in the p′ − q plane was obtained from:

Me =
6 sin ϕ̄′e

3 + sin ϕ̄′e
(3.54)
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The value of Me/Mc = 0.81 falls in the range typically observed for clays (Kaliakin

and Dafalias, 1991).

As mentioned in the previous section, both bounding surface models assume

isotropic elasticity and thus require values of two elastic parameters to be defined.

The first parameter is the bulk modulus, given by equation (3.50). The second elastic

constant is either Poisson’s ratio ν or the elastic shear modulus G.

In the series of the drained true triaxial tests performed, I was maintained constant

(750 kPa). Since e0 was close to 0.90 in these tests, from equation (3.50) it follows that

K would thus essentially be constant. If ν is specified, then G would thus essentially

be constant. If, on the other hand, G is specified, then ν would be constant.

The simplest way to determine G is to plot the principal stress differences (σ1−σ3)

versus the shear strains (εs = 2(ε1 − ε3)/3). The slope of the straight line fitted to

the initial portion of the curve is then equal to 3G.

To gain further insight into the value of G associated with the drained true triaxial

tests, the principal stress differences versus εs were plotted for the tests performed

in each of the three sectors. The resulting values of G for sectors 1, 2 and 3 were

then found to be 4333, 2480 and 2370 kPa, respectively, indicating that G was not

constant for the kaolin clay tested. The average of the above G values was 3050 kPa.

Assuming a constant K, this corresponds to a Poisson’s ratio of 0.25.

Alternatively, the results during the unloading-reloading portions of drained ax-

isymmetric triaxial compression tests shown in Fig. 3.6 were employed to determine

the elastic parameters. The values of νV = 0.20 and νH = 0.26 were obtained from

tests on vertical and horizontal specimens, respectively. The values of shear moduli of
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GV = 24.51 MPa and GH = 35.18 MPa are obtained from the vertical and horizontal

specimens, respectively. The average effective mean stress during the unloading-

reloading portions was about 310 kPa. The values of shear modulus are therefore

scaled down by a factor of 250/310 to match the mean effective stress of 250 kPa dur-

ing the true triaxial tests. The values of Poisson’s ratio are assumed to be independent

of the mean effective stress, so no scaling is needed. The kaolin clay clearly shows

anisotropic elastic response since the values of Poisson’s ratios and shear moduli of

vertical and horizontal specimens are different. However, the bounding surface mod-

els assume isotropic elasticity. The average value of the Poisson’s ratio of ν = 0.23

and the scaled average value of G = 24.0 MPa are thus appropriate. Since only one

of these elastic parameters is required, the value of G = 24.0 MPa was specified. The

associated value of elastic bulk modulus, determined from the following expression:

K =
3(1− 2ν)

2(1 + ν)
G (3.55)

was found to be K = 36.5 MPa. Since use of equation (3.50) only yields an average

of 5.10 MPa, it follows that κ must be scaled by a factor of 5.10/36.5.

The above discussion of elastic parameter values points out potential shortcomings

in the critical state based formulation that yields equation (3.50). In addition, the

fact that GV 6= GH indicates that the assumption of elastic isotropy is not applicable

to cross-anisotropic clays. Indeed, a transversely isotropic elastic idealization would

be more realistic.



84

3.5.2 Surface Configuration Parameters: R, C, and sp

The length-to-width ratio (R) of the elliptical bounding surface is determined primar-

ily by matching the effective stress path of the undrained compression test with OCR

= 1.0. The best agreement with the experimental results as shown in Fig. 3.5b with

the solid line is obtained with a value of R = 2.10. This value remains constant for

the isotropic model and is the initial value for the anisotropic model. The value of R

for the anisotropic model subsequently changes according to equation (3.27) while the

bounding surface undergoes distortional hardening and plastic strains are generated.

The value of the projection center parameter C is determined primarily by match-

ing the effective stress paths of the tests on overconsolidated specimens with the

OCRs of 2.0 and 8.0. The best agreement with the experimental results, as shown

in Fig. 3.5b with the dashed lines, is realized with a value of C = 0.55. The value of

elastic nucleus parameter (sp) of unity is assumed, causing the elastic nucleus to be

a point in stress space.

3.5.3 Shape Hardening Parameters: hc, he, h0, a, and w

The values of the shape hardening parameters hc, he, h0, a, and w are only active

in simulations of tests on overconsolidated specimens. The values of hc and he are

determined by matching the principal stress difference-axial strain relationships ob-

tained from the undrained triaxial compression tests on overconsolidated specimens

with OCRs of 2.0 and 8.0. The best agreement with the experimental results, shown

in Fig. 3.5a with the dashed lines, is obtained with values of hc = 14 and he = 19.6.
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The value of he is chosen to be 1.4 times the value of hc based on previous experience.

The value of h0 only affects the prediction in the vicinity of the hydrostatic axis and

is taken to be 12, based on previous experience. The values of the parameters a and

w are set to be 1.2 and 5 respectively. With minor exceptions, these values have been

used exclusively in past simulations of several different clays.

3.5.4 Anisotropic and Distortional Hardening Parameters: ψ1, ψ2, and

ψ3

The hardening parameters ψ1, ψ2, and ψ3 only apply to the anisotropic model. These

parameters are primarily determined by matching the stress-strain relationships ob-

tained from the undrained triaxial compression tests. The best agreement with the

experimental results, shown in Fig. 3.5a, is obtained for values of ψ1 = 3000, ψ2 = 10,

and ψ3 = 10.

3.5.5 Summary of Parameters for Kaolin Clay

The values of model parameters summarized in Table 3.1 have been determined for

the kaolin clay from a one-dimensional consolidation test, consolidated-undrained

triaxial compression tests, and consolidated-drained triaxial compression tests. These

parameters may be used to calculate strains from any combination of effective stresses

during primary loading, unloading, and reloading.
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3.6 SIMULATION OF TRUE TRIAXIAL TESTS

The bounding surface models were implemented in the CALBR8 computer pro-

gram (Kaliakin, 1992) to simulate the experimental stress-strain, volume change,

and strength characteristics obtained from the true triaxial tests on the kaolin clay.

The actual experimental history of ε1 was provided to the CALBR8 program, and

σ2 and σ3 were adjusted so as to satisfy the requirement of a constant mean normal

effective stress and a constant value of Lode angle.

3.6.1 Initial Material State

The initial state of the soil is described by the initial void ratio (e0), initial effec-

tive stresses (σ′0ij), and initial values of the anisotropic tensor (α0
ij) for the case of

anisotropic model. The initial void ratios e0 are directly taken as the void ratios

measured at the end of isotropic consolidation of the true triaxial tests. The ini-

tial effective stress state is also taken at the end of isotropic consolidation, implying

σ′011 = σ′022 = σ′033 = 250 kPa; all non-diagonal stress components are zero.

An analysis was taken to determine the initial values of the anisotropic tensor.

The specimen preparation was simulated using the anisotropic model. The slurry

was assumed to be under an isotropic effective stress of 12 kPa. At this condition,

αij = 0. The soil was then one-dimensionally consolidated at a vertical effective stress

of 200 kPa.

At the end of one-dimensional consolidation, a horizontal principal effective stress

of σ′3 = 148.2 kPa and void ratio of 1.02 were predicted. The stress state suggested
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a K0 value of 0.74. Under the condition of cross-anisotropy the non-diagonal compo-

nents of the anisotropic tensor are zero. The installation of specimens in three different

configurations resulted in αzz = α11 > αxx = αyy in sector 1, αyy = α11 > αzz = αxx

in sector 2, and αxx = α11 > αyy = αzz in sector 3. The specimens were consoli-

dated at an isotropic effective stress of 250 kPa. The soil became more isotropic and

the values of α11, α22 and α33 changed but were still non-zero. These values were

subsequently taken as α0
ij for simulations of the true triaxial tests by the anisotropic

model.

3.6.2 Stress-Strain and Strength Behavior

Comparisons of the experimental results (the principal stress differences (σ1 − σ3),

volumetric strains (εv) versus the major principal strains (ε1), and relations between

the principal strains) and predictions of the anisotropic bounding surface model for

the true triaxial tests in the three sectors are shown in Figs. 3.7 to 3.12. Comparisons

of the experimental results and predictions of the isotropic bounding surface model

are shown in Figs. 3.13 to 3.18. Model simulations are represented by the solid

and broken lines. Experimental failure points are defined as the points of maximum

effective stress ratio, (σ′1/σ
′
3)max, and are denoted by the solid symbols in the figures.

Both anisotropic and isotropic bounding surface models predict overly small stress

differences compared to the experimental stress differences at similar major principal

strains as shown in Figs. 3.7a, 3.9a, 3.11a, 3.13a, 3.15a, and 3.17a. This causes the

predicted stress-strain curves to locate much lower than the experimental stress-strain
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curves. The errors, which are the differences between the predictions and experimental

results, increase with stress difference. The factors that may contribute to such

errors are presented in the Discussion section. The rates, at which the experimental

stress-strain curves increase, increase with b-values from 0 to 0.35, remain constant

or slightly decrease for b = 0.35 to 0.67, and sharply decrease toward b = 1.00. This

pattern can be simulated by both models up to major principal strains of about 3%.

Both bounding surface models do not simulate the experimental anisotropic stress-

strain behavior in which the stress differences of similar b-values increase most rapidly

in sector 1 (lowest values of θ) and least rapidly in sector 3 (highest values of θ). For

the anisotropic model, the predicted stress-strain curves of similar b-values show no

consistent pattern with θ. The isotropic model, on the other hand, predicts practically

similar stress-strain curves for similar b-values from different sectors as expected.

The volumetric strains predicted by both bounding surface models are consid-

erably more compressive than the experimental volumetric strains at similar major

principal strains as shown in Figs. 3.7b, 3.9b, 3.11b, 3.13b, 3.15b, and 3.17b. The

factors that may contribute to such errors are given in the Discussion section. Both

models can predict the pattern of experimental volumetric strain curves with b-value

at small values of ε1. That is the experimental volumetric strains initially increase

more rapidly in tests with higher b-values. However the models cannot predict the pat-

tern of experimental volumetric strain curves at larger strains where the experimental

volumetric strain curves practically merge to a single curve. Both bounding surface

models do not predict the experimental anisotropic volumetric strain characteristics

in which the volumetric strains are least contractive in sector 1 and most contractive
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in sector 3 for similar b-values. For the anisotropic model, the predicted volumetric

strain curves for similar b-values show no consistent pattern with θ. The isotropic

model, on the other hand, predicts practically similar volumetric strain curves for

similar b-values from different sectors as expected.

As shown in Figs. 3.8, 3.10, 3.12, 3.14, 3.16, and 3.18, the bounding surface mod-

els predict more contractive intermediate (ε2) and minor (ε3) principal strains than

the experimental strains at similar values of ε1. The bounding surface models can,

in general, simulate the patterns of experimental intermediate and minor principal

strains with b-value. The intermediate principal strains are more compressive while

the minor principal strains are more expansive with increasing b-value. Both models

do not predict the experimental anisotropic characteristics of the intermediate and

minor principal strains. The experimental ε2 values are least contractive in sector 1,

and most contractive in sector 3. The experimental ε3 values are least expansive in

sector 1 and most expansive in sector 3, except the true triaxial compression tests

(b = 0.00), in which ε2 and ε3 are practically identical. For the anisotropic model,

the predicted ε2 and ε3 curves for similar b-values show no consistent patterns with θ.

The isotropic model, on the other hand, predicts practically similar curves for similar

b-values from different sectors as expected.

The predicted stress-strain curves do not reach failure within the intervals of

strain valid for small strain constitutive models. The reduction in strength with

uniform stresses and strains after failure of the true triaxial compression tests (θ =

0◦, 120◦) and abrupt reduction in strength accompanied by shear bands in the tests

with b > 0.00 cannot be predicted because the use of critical state failure criterion.
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The ramifications of using a critical state failure criterion are discussed below.

3.7 DISCUSSION

The use of an associated plastic flow rule implies that the direction of plastic strain

rate increment coincides with the outward normal of the bounding surface. At the

start of shear, the direction plastic strain rate is therefore very close to (for the

anisotropic model) or coincides with (for the isotropic model) the hydrostatic axis.

This causes the values of Rkk to be relatively large. Large values of K̄p per equa-

tions (3.39) or (3.40) and L per equation (3.38) are thus computed. Relatively large

plastic strain rates and plastic strains accumulated over a period of time are therefore

predicted. This results in rather large compressive ε1, ε2 and volumetric strain values

being predicted by the model. If a non-associated plastic flow rule was used instead,

the direction of the plastic strain rate could have been set at larger angles from the

hydrostatic axis, resulting in smaller predicted plastic strain rates and plastic strains.

When the non-associated plastic flow rule is assumed, the direction of plastic strain

rate coincides with the outward normal of a plastic potential surface different from

the bounding surface.

Both models incorporate the critical state theory. The theory indicates that the

stress differences during primary loading of a normally consolidated clay gradually

increase to reach failure or critical state at which the stress differences do not further

change, while the major principal strains increase without changes in volume. At high

principal stress differences the models predict behavior close to that at the critical
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state, resulting in predictions of very large increments of ε1, even for small increments

of stress difference imposed during the simulations. Failure predicted by the critical

state theory takes place at very large values of ε1. The experimental results however

show much smaller values of ε1 at failure. The strength reduction following failure of

the tests with b = 0.00 cannot be simulated by the models due to the predictions of

constant stress differences at failure and beyond by the critical state concept. Use of

a non-critical state failure criterion in conjunction with kinematic hardening models

may yield better predictions of the experimental results.

Both models operate under the assumption of uniform stresses and strains. To

allow simulations of strength reduction caused by shear bands, a model feature that

permits bifurcation from uniform stress-strain conditions into a localized failure mode

in which the stresses and strains are no longer uniform is required.

3.8 CONCLUSIONS

The capabilities of an anisotropic and an isotropic bounding surface plasticity model

were investigated. Brief discussions of the models were given. The parameters for the

kaolin clay were determined from a one-dimensional consolidation test, consolidated-

undrained triaxial compression tests, and consolidated-drained triaxial compression

tests. The predictions of the bounding surface models were compared to the stress-

strain, volume change, and strength characteristics observed in the drained true triax-

ial tests with a constant effective mean stress and constant Lode angles during shear

on the kaolin clay.
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Both anisotropic and isotropic bounding surface models predicted overly small

stress differences compared to the experimental stress differences at similar major

principal strains, causing the predicted stress-strain curves to locate much lower than

the experimental stress-strain curves. The observed influence of b-value on the stress-

strain curves could be simulated by both models up to major principal strains of

about 3%. The volumetric strains predicted by both bounding surface models were

considerably more compressive than the experimental volumetric strains at similar

major principal strains. Both models could predict the pattern of experimental vol-

umetric strain curves with b-value only at small values of ε1. The bounding surface

models predicted more contractive ε2 and ε3 values than the experimental strains at

similar major principal strains. The models could, however, simulate the patterns of

experimental intermediate and minor principal strains with b-value. The predictions

of overly large values of principal strains and volumetric strains were attributed to

the use of an associated plastic flow rule.

Both models did not predict the experimental anisotropic stress-strain, volumetric

strain, intermediate principal strain, and minor principal strain characteristics. For

the anisotropic model, the predicted stress-strain, volumetric strain, intermediate

principal strain, and minor principal strain characteristics of similar b-values from

different sectors showed no consistent patterns with θ. The isotropic model, on the

other hand, predicted practically similar stress-strain, volumetric strain, intermediate

principal strain, and minor principal strain characteristics of similar b-values from

different sectors. In general, the anisotropic model did not yield more accurate results

than the isotropic model when both were employed to simulate the drained true
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triaxial tests on the kaolin clay.

The predicted stress-strain curves did not reach failure within the intervals of

strain valid for small strain constitutive models. The reduction in strength with

uniform stresses and strains after failure of the true triaxial compression tests (θ =

0◦, 120◦) could not be predicted and the abrupt reduction in strength accompanied

by shear bands for tests with b > 0.00 could not be simulated. This was attributed

to the use of critical state concept.

Better predictions of the experimental results may be achieved by using the non-

associated plastic flow rule, a non-critical state anisotropic failure criterion in con-

junction with kinematic hardening models. To allow simulations of strength reduction

caused by shear bands, a model feature that permits bifurcation from uniform stress-

strain conditions into a localized failure mode in which the stresses and strains are

no longer uniform is required.
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Model component Parameter Value(Anisotropic) Value(Isotropic)

Critical state

λ 0.49 0.49

κ 0.09 0.09

Mc 1.00 1.00

Me 0.75 0.75

Elastic behavior G (MPa) 24.00 24.00

Surface configuration

R 2.10 2.10

C 0.55 0.55

s 1.00 1.00

Shape hardening function

hc 14.00 14.00

he 19.60 19.60

h0 12.00 12.00

a 1.20 1.20

w 5.00 5.00

Anisotropic hardening function

ψ1 3000.00 N/A

ψ2 10.00 N/A

ψ3 10.00 N/A

Table 3.1: Summary of parameter values for anisotropic kaolin clay.
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Figure 3.1: Bounding surface in Ia−Ja (anisotropic model) or I−J (isotropic model)
plane. Isotropic bounding surface is obtained by setting αij = 0 and allow center of
projection σcij to only move along I-axis.
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Figure 3.2: Vertical and horizontal specimens. Axis of material symmetry perpendic-
ular to particle bedding planes is denoted by z -axis.
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Figure 3.3: (a) Visualization of Lode angle in octahedral plane, and (b) rectilinear
stress paths in octahedral plane employed in true triaxial tests.
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Figure 3.4: Results of one-dimensional consolidation test on anisotropic kaolin clay.
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Figure 3.5: Results of consolidated-undrained triaxial compression tests with OCRs
= 1, 2, 8 on anisotropic kaolin clay.
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Figure 3.6: Results of consolidated-drained triaxial compression tests on vertical and
horizontal specimens of anisotropic kaolin clay.
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Figure 3.7: Comparison of measured stress-strain and volume change characteristics
to predictions of anisotropic model for true triaxial tests in sector 1: 0◦ < θ < 60◦.
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Figure 3.8: Comparison of measured relations between principal strains and predic-
tions of anisotropic model for true triaxial tests in sector 1: 0◦ < θ < 60◦.
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Figure 3.9: Comparison of measured stress-strain and volume change characteristics
to predictions of anisotropic model for true triaxial tests in sector 2: 60◦ < θ < 120◦.
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Figure 3.10: Comparison of measured relations between principal strains and predic-
tions of anisotropic model for true triaxial tests in sector 2: 60◦ < θ < 120◦.
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Figure 3.11: Comparison of measured stress-strain and volume change characteristics
to predictions of anisotropic model for true triaxial tests in sector 3: 120◦ < θ < 180◦.
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Figure 3.12: Comparison of measured relations between principal strains and predic-
tions of anisotropic model for true triaxial tests in sector 3: 120◦ < θ < 180◦.
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Figure 3.13: Comparison of measured stress-strain and volume change characteristics
to predictions of isotropic model for true triaxial tests in sector 1: 0◦ < θ < 60◦.
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Figure 3.14: Comparison of measured relations between principal strains and predic-
tions of isotropic model for true triaxial tests in sector 1: 0◦ < θ < 60◦.
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Figure 3.15: Comparison of measured stress-strain and volume change characteristics
to predictions of isotropic model for true triaxial tests in sector 2: 60◦ < θ < 120◦.
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Figure 3.16: Comparison of measured relations between principal strains and predic-
tions of isotropic model for true triaxial tests in sector 2: 60◦ < θ < 120◦.
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Figure 3.17: Comparison of measured stress-strain and volume change characteristics
to predictions of isotropic model for true triaxial tests in sector 3: 120◦ < θ < 180◦.
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Figure 3.18: Comparison of measured relations between principal strains and predic-
tions of isotropic model for true triaxial tests in sector 3: 120◦ < θ < 180◦.
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4.1 ABSTRACT

The influence of non-plastic silt content on the stress-strain, volume change, and

strength characteristics of transition silt-clay soils is investigated. Series of one-

dimensional consolidation tests, isotropic consolidation tests, and triaxial compression

tests on three soils of similar base clay but different non-plastic silt contents are per-

formed on cross-anisotropic specimens. The specimen preparation method, testing

procedure, and testing conditions of each testing type are controlled to be consistent.

Both vertical and horizontal specimens are tested. It is observed that the tested silt-

clay soils are less compressible with increasing silt content during one-dimensional

and isotropic consolidation tests. During drained and undrained triaxial compression

tests, normally consolidated soils at the same consolidation stress show larger values

of stiffness, drained and undrained shear strengths, and slightly stronger volumet-

ric contractive tendencies with increasing silt content. The silt-clay soils’ effective

strength becomes more isotropic with increasing silt content. Lower possibilities of

shear band initiation and development are observed in the contractive silt-clay soils

with higher silt contents.

4.2 INTRODUCTION

The influence of non-plastic silt content on the stress-strain, volume change, and

strength characteristics of transition silt-clay soils can only be roughly investigated

from the results of comparative studies of natural clays and silts of different silt

contents. This is mainly due to a lack of laboratory results in which the silt content is



116

systematically varied under controlled testing environments. Comparative studies of

the behavior of natural clays and silts have been performed by a number of researchers

(Henkel, 1959; Bjerrum and Simons, 1960; Hvorslev, 1960; Duncan and Seed, 1966b;

Lo and Morin, 1972; Lupini et al., 1981; Mesri and Cepeda-Diaz, 1986; Burland,

1990; Stark and Eid, 1994; Whittle et al., 1994; Jamiolkowski et al., 1995; Burland

et al., 1996; Ling, 2001; Yilmaz et al., 2004; Gasparre et al., 2007; Kawaguchi et al.,

2008). Very tentative conclusions can be drawn from the aforementioned studies. In

general, transition silt-clay soils show higher undrained stiffness and shear strength

with increasing silt content. The observed effects of silt content on the volume change

tendency of natural silt-clay transition soils have not all been in agreement, and no

consistent pattern has been established.

A set of data that allow a direct investigation of the anisotropic stress-strain,

volume change, and strength behavior of transition silt-clay soils with a systematic

variation of non-plastic silt content is still missing in the literature. To fill this gap,

the present study was undertaken. Presented herein is a laboratory study of the

influence of non-plastic silt content on the stress-strain, volume change, and strength

characteristics of anisotropic transition silt-clay soils. One-dimensional consolidation

tests, isotropic consolidation tests, and undrained and drained triaxial compression

tests were performed on specimens having the direction of particle deposition both

parallel and perpendicular to the major loading direction. The soils in this study were

compared on the basis of using the same specimen preparation procedure, testing

methods, and testing conditions. The only variable is the amount of non-plastic silt

that was systematically varied in the specimens with similar base clay.
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4.3 PREVIOUS STUDIES

The behavior of transition sand-silt soils has been extensively investigated by sev-

eral researchers. The silt content has been shown to strongly affect the stress-strain,

volume change, strength, and liquefaction potential characteristics of sand-silt soils,

although no consistent pattern of the effect of silt content has been established. Pit-

man et al. (1994) performed undrained triaxial compression tests on Ottawa sand with

silt contents varying from 0 to 40%. Both non-plastic and plastic fines were used.

It was observed that the monotonic undrained behavior was essentially unchanged

regardless of the gradation of the host sand, as long as the amount of fines remained

constant. The presence of fines, both non-plastic and plastic, caused slightly more

dilative response, indicating less collapsible sands. In contrast to the above findings,

Thevanayagam (1998) and Thevanayagam and Mohan (2000) reported that a sand

became more contractive and collapsible, and showed lower undrained shear strengths

with increasing non-plastic fines content.

It becomes very difficult, if not impossible, to explain the stress-strain, volume

change, and strength behavior based only on silt content from the previous studies

on natural silt-clay soils. This is because there are other factors that were not con-

trolled in these studies that affect the observed behavior of the soils. The main factors

that often obscure the effects of silt content are types of clay minerals, preconsoli-

dation histories, direction of loading, and loading rates. Muller-Vonmoos and Loken

(1989), and Mitchell and Soga (2001) reported that clayey soils with the presence

of clay minerals with higher average diameter-to-thickness ratios and stronger elec-
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trochemical abilities to attract pore fluid molecules show more ductile stress-strain

behavior, more contractive tendencies, and lower residual friction angles. Henkel

(1956), Mitchell (1970), Amerashinghe and Parry (1975), Murthy et al. (1981), Tsai

(1985), Mesri and Ali (1999), and Liu (2004) showed that preconsolidation histories

strongly influence the observed behavior of clayey soils. Clays with high overconsoli-

dation ratios exhibit more brittle and dilatant behavior as compared to the same soils

at lower overconsolidation ratios. Duncan and Seed (1966a), Vaid and Campanella

(1974), and Kirkgard and Lade (1991) presented test results indicating that the ma-

jor loading direction with respect to particle bedding planes strongly influences the

behavior of clayey soils. The values of stiffness and undrained strengths are larger

when the direction of major principal stress is perpendicular to the particle bedding

planes. Hvorslev (1960), Whittle et al. (1994), and Nishimura et al. (2007), however,

reported the opposite trend of strength in which the undrained shear strengths are

lower in the vertical direction for some natural clays. Henkel and Sowa (1963), Lo

and Morin (1972), Sheahan et al. (1996), and Zhu and Yin (2000) showed that the

rate of loading significantly affects the behavior of clayey soils. A clayey soil shows,

in general, larger values of secant stiffness, shear strengths, and effective friction an-

gles in tests with larger shearing rates than in tests with lower rates. This is mainly

attributed to lower pore pressures generated in tests with higher shearing rates.

Very few studies that allow direct investigations of the influence of silt content on

the behavior of transition silt-clay soils, due to the lack of systematic control of the

aforementioned factors, have been reported in the literature. Among these studies,

Cola and Simonini (2002) presented the results of one-dimensional consolidation tests,
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drained and undrained triaxial compression tests, and resonant column tests on Venice

lagoon soils. A number of laboratory tests were performed on uniform specimens

of two soils obtained from the same boring but from different depths. Only tests

with the major loading direction perpendicular to the particle bedding planes were

performed. The soils had similar types of base clay and silt. The first soil had a silt

content of 50%, a clay content of approximately 30%, and a sand content of 20%.

The second soil had a silt content of 90% and a clay content of 10%. The two soils

had practically identical overconsolidation ratios of about 1.2. It was observed that

the compressibility during one-dimensional consolidation tests was lower for the soil

with higher silt content. When the results of triaxial tests were compared, the values

of secant moduli, undrained and drained shear strengths, pore pressure changes at

failure, and effective friction angles were higher for the soil with higher silt content.

In contrast to the trend observed in the undrained tests, the volumetric strains during

drained tests were less contractive for the soil with higher silt content. The values

of small-strain moduli obtained from resonant column tests increased with increasing

silt content.

4.4 EXPERIMENTAL PROCEDURE

4.4.1 Soils Tested

Series of laboratory tests were performed on specimens with three different non-plastic

silt contents. The base clay used in this study was kaolin. The other two transition
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silt-clay soils were obtained by adding No. 125 SilCoSil silt to the kaolin clay. The silt

is made of ground, essentially non-plastic, quartz. The results of sieve and hydrometer

analyses on the three soils are shown in Fig. 4.1; and ; the amounts of clay, silt, and

sand are given in Table 4.1. In the following, the three soils will be referred to as

Soil 68-32, Soil 45-55, and Soil 24-76, respectively. The minimum clay content of 24%

of Soil 24-76 was chosen to allow the standard specimen preparation procedure for

cohesive soils which was also used with the other two soils with higher clay contents.

The liquid limits and plasticity indices increase with increasing clay contents. The

activity decreases from 0.22 to 0.16 when the silt content increases from 32 to 55%.

It does not change further with increasing silt content. As observed from Table 4.1,

the specific gravities are observed to increase slightly with silt content.

4.4.2 Specimen Preparation

The mixtures of dry powder kaolin and No. 125 SilCoSil silt were mixed with tap

water at water contents twice their liquid limits and one-dimensionally consolidated

in a double draining consolidation tank at a vertical pressure of 200 kPa. Prior to

consolidation, a vacuum of 100 kPa was applied to the tank, purging air bubbles

trapped inside the slurries. The inside of the consolidation tank was highly polished

and coated with a thin layer of vacuum grease to minimize friction between the

tank and the soil. Cylindrical soil blocks 260 mm in diameter were produced after

the one-dimensional consolidation. Clay and silt particles reorient during the one-

dimensional consolidation into a preferred direction, creating particle bedding planes
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whose normals are parallel to the direction of one-dimensional consolidation. The

soils were therefore cross-anisotropic, with the axis of material symmetry parallel to

the direction of one-dimensional consolidation.

The average water contents and void ratios before and after the one-dimensional

consolidation are also given in Table 4.1. The average water contents and void ratios

decrease with increasing silt content, indicating higher densities for the soils with

higher silt contents. Cylindrical specimens 71 mm in diameter and 142 mm tall were

trimmed for isotropic consolidation and triaxial compression tests, whereas cylindrical

specimens 63.5 mm in diameter and 25.4 mm thick were trimmed for one-dimensional

consolidation tests. A specimen is referred to as ”vertical” if it is trimmed along the

height parallel to the direction of one-dimensional consolidation, denoted by the z -axis

in Fig. 4.2. A specimen is referred to as ”horizontal” if it is trimmed perpendicular

to the z -axis.

4.4.3 Experimental Program

One-dimensional consolidation tests were performed on vertical and horizontal spec-

imens of each of the three soils. Isotropic consolidation tests were performed only on

vertical specimens. Drained and undrained triaxial compression tests were performed

on normally consolidated vertical and horizontal specimens. Each drained triaxial

compression test incorporated an unload-reload cycle to allow measurements of the

unload-reload moduli and Poisson’s ratios.
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4.4.3.1 One-Dimensional Consolidation Test

The procedure for one-dimensional consolidation tests followed the ASTM Standard

D2435-04 ”Standard test methods for one-dimensional consolidation properties of

soils using incremental loading”. Vertical and horizontal specimens were installed in

a relatively rigid brass ring with 63.5 mm inner diameter, a height of 25.4 mm, and a

thickness of 12.7 mm. The inside of the ring was highly polished and coated with a

thin layer of vacuum grease to minimize friction between the specimens and the ring.

Load increment ratios of about unity were used, resulting in vertical consolidation

pressures of 12, 27, 56, 110, 225, 450, 900, 1800, and 3600 kPa. Changes in the

specimen void ratios were determined from vertical deformations measured by an

LVDT.

4.4.3.2 Isotropic Consolidation and Triaxial Compression Tests

Pressures were supplied to the triaxial cell by a GDS pressure/volume controller

whereas the back pressure was supplied by the house pressure line through a volume

change measuring device similar to that described by Lade (1988). A fixed connection

between the piston rod and the specimen cap was made to allow measurements of

vertical deformations during consolidation. A piston rod 3.18 mm in diameter was

employed in isotropic consolidation tests, whereas one with a diameter of 9.53 mm was

used in triaxial compression tests. The smaller diameter rod was used to minimize

negative stress differences on the specimens due to piston uplift forces.

Cell and pore pressures were determined from pressure transducer readings. Vol-
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ume changes were measured by the volume change measuring device. Vertical de-

formations of the specimens were measured by an LVDT, and radial deformations

were determined from the volume changes and vertical deformations. Vertical loads

for the triaxial compression tests were measured by an external load cell. Double

layers of greased latex membranes 0.3 mm thick were provided on the cap and base

to minimize friction between the specimens and the rigid boundaries.

Slots of appropriate drainage material were cut in an inclined fashion and attached

to the specimens’ sides. Liu (2004) observed that the hydraulic conductivity of filter

paper as side drains for triaxial specimens was significantly reduced and the drainage

of pore water from the specimens was impeded, essentially preventing drainage from

the specimens when the effective confining stresses were greater than 400 kPa. In light

of that finding, Whatman Grade 1 filter paper was used as the drainage material in

the triaxial compression tests in which a maximum effective confining stress of 250

kPa was used, whereas Reemay 2214 non-woven geotextile was used in the isotropic

consolidation tests in which a maximum effective consolidation pressure of 2,900 kPa

was employed. Parts of the slots covered the filter stones located on the sides of the

cap and base, thus providing drainage paths from the specimen to the volume change

measuring device.

The side drain and drain line were saturated using the standard CO2 method.

Gaseous CO2 was introduced through the bottom drain line, pushing air in the spaces

between the membrane and the specimen out through the top drain line. The gaseous

CO2 was then replaced by de-aired water, introduced through the bottom drain line.

A constant back pressure of 100 kPa was applied to the specimens through the volume
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change device. B-values measured after the application of back pressure in all tests

were 0.98 and higher, indicating satisfactory degrees of saturation.

During the isotropic consolidation tests, the cell pressure was raised to the next

consolidation pressure while the drain line was closed and the pore pressures in the

specimens were allowed to equalize over a period of 30 minutes. The drain line was

then opened and the specimens were allowed to consolidate until primary consolida-

tion was attained. A pressure increment ratio of unity was used, resulting in isotropic

consolidation pressures of 23, 46, 91, 182, 363, 725, 1,450, 2,900 kPa.

In the triaxial compression tests, the specimens were allowed to consolidate at an

isotropic confining stress of 250 kPa until primary consolidation was attained. The

loading frame was then activated, applying vertical loads to the specimens at a strain

rate of about 0.018% per minute in all undrained tests.

4.4.3.3 Determination of Strain Rate for Drained Tests

The procedure to determine the proper vertical strain rate for the drained tests can be

summarized as follows. The most critical testing condition, in which the specimen’s

hydraulic conductivity was lowest, was sought. Isotropic consolidation tests at an

effective confining stress of 250 kPa were performed on vertical and horizontal spec-

imens of all soils. The results indicated that the hydraulic conductivity was lowest

in horizontal specimens of Soil 68-32. Four triaxial compression tests on horizontal

specimens of Soil 68-32 were therefore performed at axial strain rates of 0.01, 0.005,

0.001, 0.0005%/min. The specimens were isotropically consolidated at an effective
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confining stress of 250 kPa. In each test, shearing was halted and the stresses were

held constant when the vertical strain was 0.25 %. The drain line to the volume

change device was then closed, creating undrained conditions. The pore pressure

increased and stabilized within about two hours. The drain line was then opened

and the test continued. The same procedure was repeated at vertical strains of 2.5

and 6 %. The stabilized pore pressures were found to decrease with decreasing strain

rate and increasing vertical strain. The strain rate of 0.001%/min resulted in slightly

larger pore pressures than those associated with a rate of 0.0005%/min. The pore

pressure changes at the rate of 0.001%/min were 7, 4, and 2% of the cell pressures at

vertical strains of 0.25, 2.5, and 6%, respectively. An axial strain rate of 0.001%/min

was thus adopted for the triaxial testing program.

Although this axial strain rate resulted in partially drained conditions at the

beginning of shear, it was still chosen because practically drained conditions were

obtained at larger strains and lower strain rates did not significantly decrease the

pore pressure changes. The strain rate also allowed tests to be finished within a

period of time in which the apparatus functioned reliably.

4.4.3.4 Data Acquisition

A National Instrument data acquisition unit model SCXI-1000 supplied excitations

and received input signals from the load cell, pressure transducers, and LVDT. The

signals were amplified as necessary and filtered to reduce signal noise. Necessary

corrections due to the stiffness of latex rubber membrane and side drain slots, the
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deformation of lubricating layers, and the volumetric compliance of side drain slots

were made to the computations of stresses and strains.

4.5 EXPERIMENTAL RESULTS

4.5.1 One-Dimensional and Isotropic Consolidation Tests

The variations of void ratios during one-dimensional consolidation and isotropic con-

solidation tests with major principal (σ′v) and isotropic (σ′isotropic) effective stresses

are shown in Fig. 4.3. The designations ”1-D V”, ”1-D H” and ”ISO V” refer to

one-dimensional of the vertical and horizontal specimens and isotropic consolidation,

respectively. From Fig. 4.3 it is evident that compression indices decrease, indi-

cating less compressibility with increasing silt content during normal consolidation.

The measured preconsolidation pressures increase slightly with increasing silt content.

The preconsolidation pressures of vertical specimens are slightly higher than those for

horizontal specimens.

The ratios of total strain increments (∆ε1/∆ε3) from the isotropic consolidation

tests are plotted versus isotropic consolidation pressure in Fig. 4.4. The soils show

anisotropic stress-strain response as long as the stresses are smaller than the precon-

solidation pressure of 200 kPa. This indicates that the soils have smaller values of

stiffness in the horizontal direction under isotropic stress conditions. The values of

∆ε1/∆ε3 do not change appreciably with increasing stress as long as the specimens

are overconsolidated; i.e. for stresses lower than 200 kPa. As the stresses move into
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the normal consolidation range, the values of ∆ε1/∆ε3 increase with increasing stress.

The strain increment ratios become larger than unity for stresses larger than 675 kPa

and 952 kPa for Soils 68-32 and 45-55, respectively, while the ratios for Soil 24-76

appear to approach unity asymptotically with increasing stress. When the values of

∆ε1/∆ε3 are larger than unity, the soils have smaller values of stiffness in the vertical

direction under isotropic stress conditions. This reverse cross-anisotropic behavior

was also observed by Liu (2004) in isotropic consolidation tests on kaolin clay. A

hypothesis that may explain the cross-anisotropic behavior will be presented in the

Discussion section.

When the results of isotropic consolidation tests are compared to those of one-

dimensional consolidation tests, it appears that the compression indices are very sim-

ilar in magnitude, indicating that the major principal stress controls the compression

of the soils, as observed by Rutledge (1947). Although all specimens were carved

from blocks with consolidation pressure of 200 kPa, the one-dimensional tests pro-

duced about 40% larger preconsolidation pressures than the isotropic tests regardless

of the silt content.

4.5.2 Consolidated-Undrained Triaxial Compression Tests

The stress differences (σ1 − σ3), the effective stress ratios (σ′1/σ
′
3), and the pore

pressure changes (∆u) are plotted versus the vertical strains (ε1) in Figs. 4.5, 4.6,

and 4.7. The effective stress paths are shown on the Cambridge p′−q diagram in Fig.

4.8. Failure points, defined as points of maximum effective stress ratio, are denoted
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by the solid symbols in the figures.

As shown in Figs. 4.5 and 4.6, the typical contractive stress-strain behavior can

be observed. The stress difference-vertical strain curves for the horizontal specimens

(Fig. 4.5b) however show slightly more dilative stress-strain response for similar

silt contents. At small vertical strains, the rates of pore pressure change increase

with increasing silt content. The rates of pore pressure change of vertical specimens

are slightly smaller than those of horizontal specimens. These patterns, however,

disappear at large strains, as all pore pressure change curves, regardless of silt content

and specimen orientation, practically merge to a single curve. A hypothesis that may

explain this behavior is presented in the Discussion section.

The undrained shear strengths (su) are plotted versus silt contents in Fig. 4.9.

The variation of effective friction angles (ϕ′) with silt contents is shown in Fig. 4.11a.

The undrained shear strengths and effective friction angles increase with increasing

silt content. This is likely due to an increase in number of contacts between force-

transmitting silt particles, and therefore more inter-particle friction, with increasing

silt content. The vertical specimens show undrained shear strengths about 15% larger

than those of the horizontal specimens regardless of the silt content. This may be at-

tributed to slightly larger pore pressure changes at failure in the horizontal specimens.

The effective friction angles for vertical specimens are smaller than those of horizontal

specimens; however, the differences between these values decrease with increasing silt

content, as shown in Fig 4.11a. Indeed, Soil 24-76 is isotropic with respect to the

effective friction angle. The post-peak stress-strain behavior of Soil 68-32 is different

from that of the other soils due to the initiation and development of shear bands. A
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hypothesis that may explain this behavior is presented in the Discussion section.

4.5.3 Consolidated-Drained Triaxial Compression Tests

The stress differences (σ1 − σ3) and volumetric strains during shear (εv) are plotted

versus the vertical strains (ε1) in Fig. 4.10. Failure points, defined as points of

maximum effective stress ratio, are denoted by the solid symbols in the figures.

Both vertical and horizontal specimens show typical contractive stress-strain and

volume change behavior. Unlike the undrained tests, no trace of stronger dilatant

stress-strain behavior is observed in the horizontal specimens. This may be attributed

to higher effective mean stresses, resulting in dilation being suppressed in the drained

tests. Similar to the undrained tests, the post-peak stress-strain behavior of Soil

68-32 is different from that of the other soils due to the initiation and development

of shear bands. The volumetric strain curves of all tests are quite similar. A close

observation however indicates slightly larger volumetric strains with increasing silt

content at small strains. In addition, the volumetric strains of vertical specimens are

slightly smaller than those of horizontal specimens. These patterns however vanish

as all volumetric strain curves, regardless of silt content and specimen orientation,

practically merge to a single curve at large strains. The effective friction angles

are plotted versus silt contents in Fig. 4.11b. Similar to the undrained tests, the

effective friction angles increase with increasing silt content. The vertical specimens

show smaller friction angles than horizontal specimens. The differences decrease with

increasing silt content, and Soil 24-76 is isotropic with respect to the effective friction
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angle.

Each drained triaxial compression test incorporates an unload-reload cycle. Un-

loading is initiated at about 70% of the maximum stress difference and is followed by

reloading initiated at 35% of the maximum stress difference. The values of unload-

reload moduli (Eur = ∆(σ1− σ3)/∆ε1) are determined from the entire unload-reload

cycles, while the Poisson’s ratios (νr = −(∆εv−∆ε1)/(2∆ε1)) are determined from the

reload parts. Compression is considered positive. The horizontal strains in horizontal

specimens are assumed to be uniform while determining the Poisson’s ratios. The

values of unload-reload moduli and Poisson’s ratios are plotted versus silt contents

in Fig. 4.12. The values of unload-reload moduli increase with increasing silt con-

tent. Vertical specimens show values of unload-reload moduli about 30 MPa smaller

than horizontal specimens, regardless of silt content. Poisson’s ratios increase with

increasing silt content. The vertical specimens show smaller Poisson’s ratios than the

horizontal specimens. The differences, however, decrease with increasing silt content

as shown in Fig. 4.12b.

4.6 DISCUSSION

4.6.1 Reverse Cross-Anisotropy

The reason for the reverse cross-anisotropic behavior observed in the isotropic consol-

idation test on Soils 68-32 and 45-55 shown in Fig. 4.4 is now hypothesized. Under

isotropic stresses sand has been observed to show conventional cross-anisotropic re-
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sponse in which the values of stiffness in the vertical direction are larger than those in

the horizontal direction. At larger stresses the sand becomes more isotropic and re-

mains isotropic (Bopp, 1994; Lade and Abelev, 2005). This results from crushing and

breakage of the individual sand particles, which eliminates the cross-anisotropic fab-

ric at high isotropic stresses. However, the relatively small clay particles are stronger

than sand particles and would likely not break down under the stress magnitudes

employed in this study. It is also unlikely that the reverse cross-anisotropic response

in clay is caused by reorientation of the individual clay particles by as much as 90

degrees under purely isotropic stress increments.

Since there is likely no particle breakage and gross reorientation, the following

mechanisms might explain the observed cross-anisotropic behavior. The boundary

water at the ends of the clay particles may be less tightly bound by molecular at-

traction as compared to the water bound to the long sides of the individual particles.

As a vertical clay specimen, in which the individual clay particles’ long axes are ori-

ented roughly in the horizontal direction, is subjected to an isotropic stress, the water

around the ends of the individual clay particles may be squeezed out more than the

water bound to the long sides of the particles. This results in a smaller value of stiff-

ness in the horizontal direction. As the stress increases, the water at the ends may

be squeezed out and the individual clay particles may start to directly butt against

each other. This would result in a larger stiffness and smaller strain in the horizontal

direction. The presence of more silt particles, which are relatively equi-dimensional,

would alter the microscopic arrangement and reduce the number of clay particles

interacting with each other in the manner described above. This may explain why
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the degree of reverse-cross anisotropy decreases with increasing pressure and the soils

become less cross-anisotropic with increasing silt content.

4.6.2 Volumetric Contractive Tendencies with Silt Content

During one-dimensional consolidation from slurry, silt and clay particles are arranged

into a preferred direction, creating particle bedding planes whose normals are parallel

to the direction of consolidation. The silt-clay soils would be more stable or estab-

lished in the vertical direction. Increases in the number of silt particles would cause

the silt-clay soils to be less established in all directions since these relatively large

particles are more likely to rearrange themselves as compared to the clay particles.

The latter tend to cluster together and form more established clay matrices in the

spaces between the silt particles.

The isotropic consolidation stress of 200 kPa applied prior to triaxial compression

shearing would not appreciably change the initial particle arrangements, suggesting

that the soils would still be more established in the direction perpendicular to the

particle bedding planes. Relatively large vertical deformations during triaxial shearing

on horizontal specimens of the silt-clay soils (which are contractive in nature) would

cause the soil particles to rearrange more drastically, causing more pore water to be

squeezed out and suggesting stronger volumetric contractive tendencies. Higher silt

contents would also suggest stronger volumetric contractive tendencies, regardless of

specimen orientation due to the higher possibility of silt particle rearrangement. At

large strains the soils may reach a steady state in which the silt and clay particles
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would not further rearrange in a way that causes volume or pore pressure changes.

This may suggest a unique pore pressure change and volumetric strain curve for the

constant consolidation pressure (σ′3c) of 250 kPa employed in this study.

4.6.3 Shear Bands

Shear bands, that is the localization of deformation into thin zones of intense shearing,

were observed in both undrained and drained triaxial tests on Soil 68-32. Shear bands

of very small thickness transverse and separate the specimens into blocks, which

slide along each other. Intersections of shear bands with the specimens’ sides result

in offsets of the specimen geometry. The presence of shear-band offsets is usually

observed after the initiation of sudden reductions of strength over 0.25% to 0.50% of

vertical strain. The exact points of shear band initiation inside the specimens are not

known. Shear bands may initiate earlier, which would likely coincide with the onset

of abrupt strength reduction. Shear bands initiated in the softening regime (after

failure) in all triaxial compression tests except in the drained test on a horizontal

specimen. In this test a shear band initiated, causing failure in the hardening regime.

In this test the shear band prevents the stress-strain curve from further ascending and

attaining the continuum failure in which the stresses and strains are uniform (Fig.

4.10).

The points of shear band initiation or points of abrupt strength reduction are

observed when the specimens undergo volumetric contraction in the drained tests and

show increasing pore pressure changes in the undrained tests. The specimens continue



134

to show volumetric contraction tendencies when the stress-strain curves show further

reduction in strength. This finding does not agree with a general perception that

shear bands initiate and develop in granular materials that dilate at the onset of shear

banding (Wang and Lade, 2001; Desrues and Viggiani, 2004). In a granular material,

volumetric dilation causes the void ratio to increase and the material to become

weaker, thus facilitating the initiation and development of shear bands. Volumetric

contraction of sand would have the opposite effects, as it reduces the void ratio and

causes the material to gain strength. This makes it more difficult for shear bands

to initiate and develop through the material, making the smooth failure mechanism

more likely.

Since shear bands are observed in all triaxial tests on Soil 68-32 and the initiation

points are associated with volumetric contraction, the mechanisms for shear banding

in this soil may be different from the one discussed above for granular materials.

This may be due to the high clay content in the soil and the small and platy nature

of clay particles. After initiation of a shear band, the clay particles in the zone of

maximum shear stress ratio (τmax/σ
′) may reorient into a preferred orientation and

start to slide along each other, face-to-face and parallel to the direction of maximum

shear stress ratio. The spaces between the clay particles in the zone of sliding may

decrease and the pore water may be squeezed out. This process may practically result

in a slickensided plane or shear band that progressively grows and extends across the

specimen. The strength of the specimen decreases as the shear band develops, and

the specimen is separated into blocks that slide along each other. The clay may reach

critical state in which shear deformations in the sliding zone continue with a constant



135

volume and a constant shear resistance. All measured deformations in the vertical

direction are caused by the sliding of the blocks. The strains and the stresses are no

longer uniform. The observed behavior is not a constitutive characteristic but rather

a softening response of the entire specimen, with a discontinuity in the deformation

field.

It is observed that shear bands initiate more easily in horizontal specimens. This

may be because the individual clay particles’ long axes in a horizontal specimen are

roughly in the vertical direction. The particle bedding planes are more parallel to the

impending failure planes (or shear bands). Smaller amounts of energy are therefore

needed for the clay particles to reorient and align with the shear bands, causing better

likelihood of shear band initiation in horizontal specimens.

The presence of more silt would cause silt-clay soils to behave more like con-

ventional granular materials in which shear banding is inhibited while the materials

undergo volumetric contraction. This may explain why shear bands develop in Soil

68-32 but not in Soils 45-55 and 24-76.

4.7 CONCLUSIONS

The influence of non-plastic silt content on the stress-strain, volume change, and

strength characteristics of transition silt-clay soils was investigated. Series of one-

dimensional consolidation tests, isotropic consolidation tests, and triaxial compression

tests on the three soils with similar base clay but different non-plastic silt contents

were performed on cross-anisotropic specimens. The specimen preparation method,
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testing procedure, and testing conditions for each set of tests were maintained con-

sistent. Both vertical and horizontal specimens were tested.

Soils with increasing silt content were less compressible during normal consolida-

tion in the one-dimensional and isotropic consolidation tests. The measured precon-

solidation pressures increased slightly with increasing silt content. The preconsolida-

tion pressures of vertical specimens were slightly higher than those for horizontal spec-

imens. The soils showed conventional cross-anisotropic stiffness characteristics under

isotropic stress conditions as long as the stresses were smaller than the preconsoli-

dation pressure. As the stresses moved into the range of normal consolidation, Soils

68-32 and 45-55 showed reverse cross-anisotropic stiffness behavior under isotropic

stresses beyond 675 kPa and 952 kPa respectively. Soil 24-76 never showed reverse

cross-anisotropic characteristics, as it asymptotically approached isotropy with in-

creasing stress.

In both undrained and drained triaxial tests, volumetric contractive tendencies

during shear slightly increased with increasing silt content at small strains. Horizon-

tal specimens also showed stronger contractive tendencies than vertical specimens. At

large strains however, these volumetric patterns vanished, as all pore pressure change

and volumetric strain curves practically merged to single curves. The undrained shear

strengths (for the undrained tests) and effective friction angles (for both undrained

and drained tests) increased with increasing silt content. The vertical specimens

showed undrained shear strengths about 15% larger than those of the horizontal

specimens regardless of silt content. The effective friction angles of vertical speci-

mens were smaller than those of horizontal specimens, with the differences decreasing
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with increasing silt content. The values of unload-reload moduli and Poisson’s ratios

increased with increasing silt content. Vertical specimens show values of unload-reload

moduli about 30 MPa smaller than horizontal specimens regardless of silt content.

The Poisson’s ratios of vertical specimens were smaller than those of the horizontal

specimens, with the differences between values decreasing with increasing silt content.

Shear bands were observed in all triaxial tests on Soil 68-32. The shear bands

initiated and developed while the soil exhibited volumetric contractive tendencies.

They were easier to develop in horizontal specimens than in vertical specimens. Shear

bands were easier to develop in contractive clay-silt soils with higher clay contents.
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Soil 68-32 Soil 45-55 Soil 24-76

Clay content (%) 68 45 24

Silt content (%) 32 53 72

Sand content (%) 0 2 4

Liquid limit 45 28 20

Plasticity index 15 7 4

Activity 0.25 0.16 0.17

Specific gravity 2.63 2.64 2.65

Water content of slurry (%) 93.18 54.58 40.07

Void ratio of slurry 2.45 1.44 1.06

Water content of block (%) 40.18 26.91 20.21

Void ratio of block 1.06 0.71 0.54

Table 4.1: Clay, silt, sand contents, liquid limits, plasticity indices, activities, specific
gravities, water contents, and void ratios before and after slurry consolidation of Soils
68-32, 45-55, and 24-76.
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Figure 4.1: Grain diameter versus percent finer by weight obtained from sieve and
hydrometer analyses.
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Figure 4.2: Vertical and horizontal specimens. Axis of material symmetry is perpen-
dicular to particle bedding planes and denoted by z -axis.
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Figure 4.3: Results of one-dimensional and isotropic consolidation tests.
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Figure 4.4: Ratios of total strain increments at primary consolidations versus con-
solidation pressures for isotropic consolidation tests. Preconsolidation pressure of all
soils under one-dimensional consolidation is 200 kPa. ∆ε1/∆ε3 = 1 indicates isotropic
response.
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Figure 4.9: Variation of undrained shear strengths versus silt contents for undrained
triaxial compression tests.
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Figure 4.12: Variations of values of unload-reload moduli and Poisson’s ratios versus
silt contents during unload-reload cycles of drained triaxial compression tests.
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CHAPTER 5 – CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE RESEARCH

5.1 CONCLUSIONS

A laboratory study on the effect of relative magnitude of the intermediate princi-

pal stress and initial cross-anisotropy on the three-dimensional stress-strain, volume

change, shear band formation, and strength characteristics of normally consolidated

clay was presented. Due to the availability of the three-dimensional experimental re-

sults, an investigation on the capabilities of two bounding surface plasticity models to

predict the three-dimensional drained behavior of normally consolidated anisotropic

clay was made. A laboratory study of the stress-strain, volume change, and strength

characteristics of transition silt-clay soils was also presented.

5.1.1 Three-Dimensional Drained Behavior of Normally Consolidated

Anisotropic Kaolin Clay

Drained true triaxial tests with a constant mean effective stress of 250 kPa and con-

stant Lode angles were performed on normally consolidated cross-anisotropic spec-

imens using a true triaxial apparatus. Additional triaxial compression tests were

performed with a constant effective confining pressure of 250 kPa on vertical and
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horizontal specimens. The results allowed investigation of the effects of b-value in

each of the three sectors in the octahedral plane, as well as initial cross-anisotropy on

the stress-strain, volume change, strength, and shear band formation characteristics

of normally consolidated kaolin clay.

In triaxial compression (b = 0.00) tests, the stress differences gradually increased

over large intervals of strain. Smooth peak failure with uniform stresses and strains

was attained in these tests. The stress-strain curves then gradually descended af-

ter failure. Shear bands were observed in the softening regime in the triaxial tests

performed with constant effective confining pressure.

The stress-strain relationships for the tests with b > 0.00 increased over smaller

intervals of vertical strain. Pointed peaks were reached, and followed by significant

reductions in strength. Shear bands were observed in the hardening regime in these

tests. Independent of θ, the major principal strains-to-failure generally sharply de-

creased with b-values from 0.00 to 0.35, slightly decreased for b = 0.67, and remained

relatively constant for b = 1.00. The values of the secant moduli generally increased

with increasing b-values to b = 0.67, and then decreased toward b = 1.00. The

volumetric strains were contractive during shear for all tests and became slightly

more contractive with increasing b-values. The intermediate principal strains were

expansive for b = 0.00 and became contractive for higher b-values. The minor prin-

cipal strains were expansive for all tests and became more expansive with increasing

b-values.

For each constant b-value, the stress-strain curves increased most rapidly in sector

1 of the octahedral plane and least rapidly in sector 3. The major principal strain-to-
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failure for the test with b = 0.00 of sector 1 was larger than those for sectors 2 and 3.

For b = 0.35, the major principal strains-to-failure of the three sectors were practically

identical. Although very similar, the major principal strains-to-failure were largest in

sector 3, and smallest in sector 1 for b = 0.67 and 1.00. The values of secant moduli

were generally largest in sector 1 and smallest in sector 3. The volumetric strains

were least contractive in sector 1 and most contractive in sector 3. The intermediate

principal strains were, in general, least compressive in sector 1 and most compressive

in sector 3. The minor principal strains in general were least expansive in sector 1

and most expansive in sector 3.

The failure surface in the octahedral plane was curved, showing the influence of

the intermediate principal stress on failure of the clay. The Mohr-Coulomb failure

criterion under-predicted the strengths and friction angles, whereas Lade’s failure

criterion over-predicted these quantities. The effects of initial cross-anisotropy were

not erased by the shearing process and were still pronounced at failure. The strengths

and friction angles in sector 2 were, in general, largest while those in sector 3 were

smallest.

The shear-band offsets on the σ3-faces were observed at 0.25 to 0.50 % beyond

failure in the direction of the major principal strain. Development of shear bands

caused failure in all tests, except in triaxial compression. The shear bands initiated

while the clay underwent volumetric contraction. The measured inclination angles

of shear bands varied between 56◦ and 58◦. They were not noticeably influenced by

either b-value or the initial cross-anisotropy. The measured inclination angles of shear

bands agreed well with Coulomb’s criterion in all sectors.
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The mechanism of shear banding was observed to be different from that in granular

materials. In clays, a lower strength is obtained when the platy particles align face-

to-face with each other, and are oriented in the direction of maximum shear stress

ratio. This is different from granular materials, in which the lower strength is caused

by dilation of the material resulting in looser soil with lower friction angle.

5.1.2 Capabilities of Bounding Surface Plasticity Models under Three-

Dimensional Stress States

The predictive capabilities of an anisotropic and an isotropic bounding surface plastic-

ity model were investigated. Brief discussions of the models were given. The param-

eters for the kaolin clay were determined from a one-dimensional consolidation test,

consolidated-undrained triaxial compression tests, and consolidated-drained triaxial

compression tests. The predictions of the bounding surface models were compared to

the stress-strain, volume change, and strength characteristics observed in the drained

true triaxial tests with a constant effective mean stress and constant Lode angles

during shear on the kaolin clay.

Both anisotropic and isotropic bounding surface models predicted much smaller

stress differences compared to the experimental values at similar major principal

strains, causing the predicted stress-strain curves to locate much lower than the ex-

perimental stress-strain curves. The observed influence of b-value on the stress-strain

curves could be simulated by both models up to major principal strains of about

3%. The volumetric strains predicted by both bounding surface models were consid-
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erably more compressive than the experimental volumetric strains at similar major

principal strains. Both models could predict the pattern of experimental volumetric

strain curves with b-value only at small values of ε1. The bounding surface models

predicted more contractive ε2 and ε3 values than the experimental strains at similar

major principal strains. The models could, however, simulate the patterns of exper-

imental intermediate and minor principal strains with b-value. The predictions of

overly large values of principal strains and volumetric strains were attributed to the

use of an associated flow rule.

Both models did not predict the experimental anisotropic stress-strain, volumetric

strain, intermediate principal strain, and minor principal strain characteristics. For

the anisotropic model, the predicted stress-strain, volumetric strain, intermediate

principal strain, and minor principal strain characteristics of similar b-values from

different sectors showed no consistent patterns with θ. As expected, the isotropic

model, on the other hand, predicted practically similar stress-strain, volumetric strain,

intermediate principal strain, and minor principal strain characteristics of similar b-

values from different sectors. In general, the anisotropic model did not yield more

accurate results than the isotropic model when both were employed to simulate the

drained true triaxial tests on the kaolin clay at a constant mean effective stress.

The predicted stress-strain curves did not reach failure within the intervals of

strain valid for small strain constitutive models. The reduction in strength with

uniform stresses and strains after failure of the true triaxial compression tests (θ =

0◦, 120◦) could not be predicted and the abrupt reduction in strength accompanied

by shear bands for tests with b > 0.00 could not be simulated. This was attributed
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to the use of critical state concept to define failure in these models.

Better predictions of the experimental results may be achieved by using a non-

associated plastic flow rule, a non-critical state anisotropic failure criterion in con-

junction with kinematic hardening models. To allow simulations of strength reduction

caused by shear bands, a model feature that permits bifurcation from uniform stress-

strain conditions into a localized failure mode in which the stresses and strains are

no longer uniform is required.

5.1.3 Effect of Non-Plastic Silt Content on the Axisymmetric Behavior

of Transition Silt-Clay Soils

The influence of non-plastic silt content on the stress-strain, volume change, and

strength characteristics of transition silt-clay soils was investigated. A series of one-

dimensional consolidation tests, isotropic consolidation tests, and triaxial compression

tests on the three soils of similar base clay but different non-plastic silt contents was

performed on cross-anisotropic specimens. The specimen preparation method, testing

procedure, and testing conditions of each testing type were controlled to be consistent.

Both vertical and horizontal specimens were tested.

The soils were less compressible with increasing silt content during normal con-

solidation in the one-dimensional and isotropic consolidation tests. The measured

preconsolidation pressures increased slightly with increasing silt content. The pre-

consolidation pressures of vertical specimens were slightly higher than those for hor-

izontal specimens. The soils showed conventional cross-anisotropic stiffness charac-
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teristics under isotropic stress conditions as long as the stresses were smaller than

the preconsolidation pressure. As the stresses moved into the range of normal con-

solidation, Soils 68-32 and 45-55 showed reverse cross-anisotropic stiffness behavior

under isotropic stresses beyond 675 kPa and 952 kPa, respectively. The stiffness of

Soil 24-76 never showed reverse cross-anisotropic characteristics as it asymptotically

approached isotropy with increasing stress.

In both undrained and drained triaxial tests, volumetric contractive tendencies

during shear slightly increased with increasing silt content at small strains. Horizon-

tal specimens also showed stronger contractive tendencies than vertical specimens. At

large strains, however, these volumetric patterns vanished as all pore pressure change

and volumetric strain curves practically merged to single curves. The undrained shear

strengths (for the undrained tests) and effective friction angles (for both undrained

and drained tests) increased with increasing silt content. The vertical specimens

showed undrained shear strengths about 15% larger than those of the horizontal

specimens regardless of silt content. The effective friction angles of vertical speci-

mens were smaller than those of horizontal specimens, with the differences decreasing

with increasing silt content. The values of unload-reload moduli and Poisson’s ratios

increased with increasing silt content. Vertical specimens showed values of unload-

reload modulus about 30 MPa smaller than horizontal specimens, regardless of silt

content. The Poisson’s ratios of vertical specimens were smaller than those of the

horizontal specimens with differences decreasing with increasing silt content.

Shear bands were observed in all triaxial tests on Soil 68-32. They initiated and

developed while the soil showed volumetric contractive tendencies. The horizontal
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specimens showed higher possibilities of shear band initiation than vertical specimens.

Higher possibilities of shear banding were observed in the contractive silt-clay soils

with higher clay contents.

5.2 RECOMMENDATIONS FOR FUTURE RESEARCH

5.2.1 Shear Band Event of Normally Consolidated Anisotropic Clay

under 3D Stress Conditions

Two drained true triaxial tests with a constant mean effective stress of 250 kPa and

constant b-values of 0.15 and 0.90 should be performed on the kaolin clay in each

sector. The six additional tests would allow more complete investigation of the shear

band event of the clay. Wang and Lade (2001) and Abelev and Lade (2003) reported

that shear bands form in the hardening regime, causing sharp peak failure in sand

for b-values ranging from about 0.15 to 0.85. Outside this range, shear bands form in

the softening regime. It has been observed from the true triaxial tests on the kaolin

clay that shear bands form during the hardening regime, causing sharp peak failure

in all tests except in triaxial compression (b = 0.00). In triaxial compression, shear

bands initiate in the softening regime. The additional tests of b = 0.15 would better

indicate at what b-value shear band initiation shifts into the hardening regime. The

additional tests of b = 0.90 would potentially show that, unlike sand, shear bands

may form during the hardening regime, even for b-values approach unity.

The information on shear band events can be used to improve the capabilities of
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existing constitutive models for clay to predict bifurcation from the uniform stress-

strain conditions into a localized failure mode or into shear bands.

5.2.2 Prediction of Shear Band Events

Theoretical predictions of shear band events in granular materials (Rudnicki and Rice,

1975; Vermeer, 1982; Molenkamp, 1985; Lade, 2003) involve establishing the critical

stress-strain conditions at which a shear band initiates in the zone of impending shear

bands. Formulation of the critical plastic hardening modulus (Ac) is determined. The

critical plastic hardening modulus is the plastic hardening modulus (A) at which the

critical stress-strain conditions for shear banding are satisfied. The predicted values

of critical plastic hardening modulus are not unique at stress-strain states but rather

vary with the constitutive models employed to predict the stress-strain behavior of

soil. During the prediction of stresses and strains, the current plastic hardening

modulus and critical plastic hardening modulus are computed. If A ≥ Ac, no shear

bands are predicted by the model. If, however, the inequality is violated, shear bands

are predicted and bifurcation into a non-uniform mode of deformation is allowed.

Lade (2003) employed the single hardening model (Kim and Lade, 1988; Lade and

Kim, 1988a,b) to predict the shear band event observed in true triaxial tests on sand

performed by Wang and Lade (2001). The model predicted the experimental shear

band event with good accuracy. The model predicted that shear bands form in the

hardening regime for b-values from 0.2 to 0.8. while shear bands form in the true

triaxial tests for b-values from 0.18 to 0.85.
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The capability of constitutive models (e.g., the bounding surface models and single

hardening model) to predict shear band events in normally consolidated clay should

be investigated. In contrast to sand in which shear bands initiate when the sand

dilates at the onset of shear banding, shear bands are observed to initiate when the

normally consolidated clay undergoes volumetric contraction. Since, the effect of the

contractive volumetric characteristics on the prediction of shear band event by the

constitutive models is not yet realized, it is worthy of future investigation. If any

incapabilities are found, modifications of the models can be made. The capability

to predict shear band event would allow more realistic numerical prediction of the

pre-failure deformations and failure events in geotechnical engineering analyses such

as excavations and stability of slopes in normally consolidated clay.

5.2.3 Anisotropic Hardening Laws

Each true triaxial test discussed in the first manuscript incorporated isotropic stress

probes of 5 kPa at values of the second deviatoric stress invariants of J = 0, 40 and

75 kPa. During an isotropic stress probe, the shear stresses or value of J on the

specimen were held constant while the effective stresses were isotropically increased

by an increment of 5 kPa. This resulted in an increment of the first stress invariant

of ∆I = 15 kPa. An isotropic stress rate of 0.1 kPa per minute was used for the

stress probe. The stress increment was followed by an isotropic stress decrement of

5 kPa, resulting in the stresses similar to those at the start of the probe. Shearing

was then resumed. The principal strain increments (∆ε1, ∆ε2, ∆ε3) were measured
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in response to the isotropic stress increment. The ratios of the principal strain incre-

ments (∆ε1/∆ε2, ∆ε1/∆ε3, and ∆ε2/∆ε3) can be used to determine the degrees of

stress-strain anisotropy in different directions. The ten true triaxial tests with three

isotropic effective stress probes for each test give a unique set of data for the evolution

of the degree of anisotropy in principal stress space for the normally consolidated clay.

The data will allow better understanding of how the stress-strain anisotropy changes

at different shear stress levels and along different stress paths. The data may also be

used to evaluate the performance of the existing anisotropic hardening laws that con-

trol the rotation of the yield and bounding surfaces (Anandarajah and Dafalias, 1986;

Banerjee and Yousif, 1986; Crouch and Wolf, 1992; Whittle et al., 1994; Ling et al.,

2002). If necessary, recommendations toward improvement of the existing anisotropic

hardening laws may be made or a new formulation may be developed based on the

experimental results.

5.2.4 Non-Associated Plastic Flow Rule

The predictions of overly large (compressive) principal strains and volumetric strains

by the bounding surface models are likely caused by the use of an associated plastic

flow rule and the critical state failure criterion. The use of associated plastic flow rule

implies that the direction of plastic strain rate coincides with the outward normal to

the bounding surface. For normally consolidated clay, the direction of plastic strain

rate at the start of shear is therefore very close to (for the anisotropic model) or

coincides with (for the isotropic model) the hydrostatic axis. This results in relatively
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large predicted values of compressive plastic strain rates (ε̇pij) and compressive plastic

strains accumulated over a period of time.

If a non-associated plastic flow rule was used instead, the direction of the plastic

strain rate could have been set at larger angles from the hydrostatic axis, resulting

in smaller predicted plastic strain rates and plastic strains. When the non-associated

plastic flow rule is used, the direction of plastic strain rate coincides with the outward

normal of a plastic potential surface different from the bounding surface.

5.2.5 Failure Criterion and Anisotropic Elastic Model

Both bounding surface plasticity models incorporate the critical state theory. The

theory indicates that the stress differences during primary loading of a normally

consolidated clay gradually increase to asymptotically reach failure or critical state

at which the stress differences cease to change, while the major principal strains

increase without changes in volume. At high principal stress differences the models

predict behavior close to that at the critical state, resulting in predictions of very

large increments of ε1, even for small increments of stress difference imposed during

the simulations. Failure predicted by the critical state theory therefore takes place at

very large values of ε1. The experimental results, however, show much smaller values

of ε1 at failure. The strength reduction following failure of the tests with b = 0.00

cannot be simulated by the models due to the prediction of constant stress differences

at failure and beyond by the critical state concept.

To avoid these shortcomings, a non-associated plastic flow rule should be incorpo-
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rated into the anisotropic bounding surface model together with a non-critical state

failure criterion such as Lade’s failure criterion (Lade, 1977) or Matsuoka-Nakai failure

criterion (Matsuoka and Nakai, 1982). The capabilities of the modified anisotropic

bounding surface model should then be reevaluated. Alternatively, a kinematic hard-

ening model with a non critical-state failure criterion may be also employed.

The kaolin clay clearly shows anisotropic behavior during the unload-reload cy-

cles in the drained triaxial compression tests. The behavior of the clay in both

overconsolidated or normally consolidated states may be simulated with better accu-

racies using cross-anisotropic elastic models such as those proposed by Graham and

Houlsby (1983) and Hoque and Tatsuoka (1998).

5.2.6 Stress-Strain and Strength Characteristics of Transition Silt-

Clay Soils

Additional consolidated-undrained and consolidated-drained triaxial compression tests

on normally consolidated specimens of transition silt-clay soils should be performed at

higher consolidation stresses. The specimens should have the same silt-clay contents

as those employed in the third manuscript. These additional tests would determine

if the soils show any reverse cross-anisotropic response with respect to the values

of unload-reload moduli, Poisson’s ratios, undrained shear strengths, and effective

friction angles with increasing consolidation stress.

A testing program similar to the one presented in the third manuscript may be em-

ployed to study the behavior of transition silt-clay soils of different types of base clay.
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The use of illite and montmorillonite is recommended in addition to kaolinite. This

recommendation is made since the two clay types are also common in geotechnical

engineering practice. The stress-strain, volume change, and strength characteristics

of transition silt-clay soils under fully three-dimensional stress conditions should also

be investigated using the true triaxial apparatus. Results of laboratory tests on tran-

sition silt-clay soils of different base clays under fully three-dimensional stress condi-

tions would allow much broader understanding of the behavior of transition silt-clay

soils.
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33(2):165–180, 1983.

K. Hashiguchi and M. Ueno. Elastoplastic constitutive laws of granular materials. In
Proceedings of the Ninth International Conference on Soil Mechanics and Founda-
tion Engineering, pages 73–82, Tokyo, 1977.

D. J. Henkel. The effect of overconsolidation on the behavior of clays during shear.
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APPENDIX A – RESULTS OF DRAINED TRUE TRIAXIAL

TESTS ON NORMALLY CONSOLIDATED KAOLIN CLAY
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Consolidated-drained true triaxial test No. 1: σ′c = 250 kPa, p′ = 250 kPa, θ = 0◦,
b = 0.00, e0 = 1.02, ec = 0.90, and ϕ′ = 23.81◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
247.500 247.500 255.000 7.500 0.007 -0.003 -0.003 0.001
245.000 245.000 260.000 15.000 0.014 -0.006 -0.006 0.003
242.500 242.500 265.000 22.500 0.046 -0.018 -0.018 0.010
238.713 238.713 270.085 31.372 0.082 -0.030 -0.030 0.022
234.901 234.901 277.814 42.913 0.176 -0.062 -0.062 0.052
232.508 232.508 282.464 49.956 0.251 -0.082 -0.082 0.088
229.193 229.193 289.247 60.054 0.384 -0.118 -0.118 0.147
226.054 226.054 295.843 69.788 0.553 -0.144 -0.144 0.264
222.623 222.623 302.615 79.992 0.682 -0.179 -0.179 0.324
219.310 219.310 309.303 89.992 0.850 -0.219 -0.219 0.412
215.986 215.986 316.039 100.053 1.041 -0.267 -0.267 0.507
212.679 212.679 322.747 110.069 1.300 -0.381 -0.381 0.539
209.927 209.927 328.421 118.494 1.521 -0.468 -0.468 0.584
207.398 207.398 333.675 126.277 1.771 -0.550 -0.550 0.672
204.149 204.149 340.215 136.066 2.114 -0.647 -0.647 0.819
201.469 201.469 345.793 144.324 2.458 -0.740 -0.740 0.977
198.880 198.880 350.857 151.977 2.858 -0.913 -0.913 1.032
196.435 196.435 355.860 159.425 3.257 -1.053 -1.053 1.151
194.246 194.246 360.294 166.049 3.682 -1.164 -1.164 1.353
192.310 192.310 364.364 172.054 4.150 -1.363 -1.363 1.424
190.326 190.326 368.345 178.019 4.631 -1.574 -1.574 1.482
188.674 188.674 371.730 183.056 5.107 -1.708 -1.708 1.692
187.265 187.265 374.738 187.473 5.607 -1.921 -1.921 1.764
185.760 185.760 377.699 191.938 6.156 -2.165 -2.165 1.826
184.420 184.420 380.464 196.043 6.704 -2.359 -2.359 1.987
183.138 183.138 382.983 199.845 7.256 -2.606 -2.606 2.044
182.038 182.038 385.220 203.182 7.806 -2.822 -2.822 2.163
181.108 181.108 387.157 206.049 8.256 -2.987 -2.987 2.282
180.426 180.426 388.481 208.055 8.723 -3.233 -3.233 2.256
179.617 179.617 390.281 210.664 9.256 -3.448 -3.448 2.360
178.883 178.883 391.826 212.943 9.805 -3.666 -3.666 2.473



176

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

178.167 178.167 393.178 215.011 10.355 -3.957 -3.957 2.441
177.365 177.365 394.876 217.511 10.905 -4.171 -4.171 2.563
177.003 177.003 395.794 218.791 11.455 -4.440 -4.440 2.576
176.186 176.186 397.344 221.158 12.005 -4.682 -4.682 2.641
175.617 175.617 398.568 222.951 12.560 -4.902 -4.902 2.756
175.301 175.301 399.129 223.828 13.054 -5.172 -5.172 2.710
174.600 174.600 400.690 226.090 13.642 -5.431 -5.431 2.780
174.043 174.043 401.757 227.714 14.203 -5.683 -5.683 2.837
173.766 173.766 402.334 228.568 14.753 -5.957 -5.957 2.840
173.366 173.366 403.219 229.852 15.253 -6.142 -6.142 2.969
173.061 173.061 403.890 230.829 15.794 -6.408 -6.408 2.978
172.805 172.805 404.277 231.472 16.303 -6.652 -6.652 2.998
172.741 172.741 404.580 231.838 16.995 -6.932 -6.932 3.131
172.519 172.519 404.897 232.377 17.602 -7.270 -7.270 3.063
172.262 172.262 405.534 233.272 18.184 -7.491 -7.491 3.202
172.339 172.339 405.365 233.026 18.678 -7.746 -7.746 3.186
172.855 172.855 404.477 231.622 19.202 -8.011 -8.011 3.179
173.039 173.039 404.086 231.047 19.702 -8.222 -8.222 3.257
173.005 173.005 404.219 231.214 20.176 -8.463 -8.463 3.250
173.594 173.594 402.993 229.400 20.702 -8.709 -8.709 3.283
173.862 173.862 402.519 228.657 21.201 -8.916 -8.916 3.369
174.215 174.215 401.849 227.634 21.701 -9.188 -9.188 3.325
174.491 174.491 401.256 226.765 22.201 -9.407 -9.407 3.387
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Consolidated-drained true triaxial test No. 2: σ′c = 250 kPa, p′ = 250 kPa, θ = 20◦,
b = 0.35, e0 = 1.02, ec = 0.91, and ϕ′ = 26.46◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
246.605 249.245 254.150 7.545 0.004 0.000 -0.001 0.003
243.209 248.491 258.300 15.091 0.009 0.000 -0.004 0.005
239.977 247.773 262.250 22.273 0.013 0.000 -0.005 0.007
234.952 246.719 266.970 32.018 0.025 -0.001 -0.010 0.014
230.926 245.790 271.901 40.976 0.052 -0.001 -0.023 0.029
226.799 244.916 277.217 50.418 0.098 -0.002 -0.044 0.052
222.439 243.981 282.286 59.847 0.155 -0.003 -0.070 0.082
218.294 243.091 287.627 69.333 0.223 -0.005 -0.096 0.122
215.400 242.792 292.716 77.316 0.293 -0.006 -0.124 0.163
210.798 241.432 296.732 85.934 0.380 -0.008 -0.151 0.222
206.149 240.443 302.657 96.508 0.490 -0.010 -0.206 0.274
201.476 239.410 308.201 106.725 0.625 -0.013 -0.270 0.342
197.054 238.458 313.737 116.683 0.776 -0.016 -0.345 0.414
193.271 237.650 318.517 125.246 0.926 -0.019 -0.428 0.478
189.483 236.816 323.113 133.630 1.095 -0.023 -0.526 0.547
185.538 235.927 327.865 142.327 1.276 -0.026 -0.645 0.605
181.253 234.999 333.224 151.971 1.496 -0.031 -0.765 0.700
177.545 234.204 337.755 160.210 1.721 -0.036 -0.894 0.792
173.596 233.303 342.555 168.960 2.056 -0.043 -1.105 0.909
170.305 232.647 346.685 176.380 2.347 -0.049 -1.299 0.999
166.639 231.843 351.259 184.620 2.747 -0.057 -1.591 1.099
163.034 231.080 355.637 192.603 3.198 -0.066 -1.895 1.237
160.384 230.450 358.961 198.577 3.648 -0.076 -2.201 1.371
157.594 229.895 362.390 204.796 4.173 -0.086 -2.620 1.468
155.412 229.416 365.141 209.729 4.598 -0.085 -2.921 1.592
152.699 228.758 368.491 215.793 5.099 -0.096 -3.286 1.716
150.945 228.410 370.513 219.568 5.549 -0.110 -3.654 1.785
149.342 228.093 372.510 223.169 5.949 -0.129 -3.946 1.874
147.862 227.797 374.434 226.572 6.449 -0.162 -4.302 1.985
146.519 227.532 376.086 229.567 7.000 -0.190 -4.767 2.043
145.427 227.328 377.491 232.064 7.451 -0.225 -5.099 2.127
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σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

144.972 227.234 377.963 232.991 7.975 -0.262 -5.505 2.208
145.589 227.364 377.245 231.656 8.301 -0.286 -5.776 2.239
147.657 227.853 374.779 227.122 8.526 -0.301 -5.966 2.259
151.219 228.634 370.343 219.124 8.701 -0.308 -6.111 2.283
154.711 229.360 366.100 211.389 8.876 -0.313 -6.232 2.330
158.717 230.223 361.056 202.339 9.076 -0.313 -6.394 2.369
163.934 231.347 354.687 190.754 9.293 -0.290 -6.598 2.405
168.027 232.227 349.655 181.628 9.569 -0.259 -6.869 2.440
170.618 232.796 346.375 175.757 10.052 -0.207 -7.381 2.463
171.778 233.009 344.992 173.214 10.702 -0.141 -8.022 2.539
171.515 232.964 345.485 173.970 11.353 -0.095 -8.699 2.559
171.222 232.847 345.634 174.412 11.956 -0.076 -9.276 2.604
171.572 232.954 345.381 173.808 12.466 -0.075 -9.769 2.623
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Consolidated-drained true triaxial test No. 3: σ′c = 250 kPa, p′ = 250 kPa, θ = 40◦,
b = 0.67, e0 = 1.02, ec = 0.90, and ϕ′ = 26.01◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
246.108 250.792 253.100 6.992 0.005 0.003 -0.007 0.001
242.215 251.585 256.200 13.985 0.010 0.006 -0.014 0.003
238.260 252.390 259.350 21.090 0.015 0.010 -0.020 0.005
232.684 252.381 262.123 29.439 0.025 0.016 -0.022 0.011
227.165 254.842 266.770 39.604 0.046 0.031 -0.047 0.030
224.431 254.868 269.159 44.728 0.061 0.034 -0.055 0.041
220.298 255.960 272.377 52.079 0.086 0.053 -0.082 0.057
215.931 256.863 276.033 60.101 0.140 0.087 -0.136 0.091
211.153 257.917 279.981 68.828 0.208 0.129 -0.201 0.136
207.322 259.395 284.500 77.178 0.283 0.176 -0.273 0.186
201.628 259.769 287.653 86.025 0.371 0.231 -0.342 0.259
197.410 260.669 291.226 93.816 0.448 0.279 -0.428 0.299
192.766 261.475 294.931 102.165 0.544 0.338 -0.529 0.353
189.141 262.404 298.180 109.039 0.634 0.394 -0.620 0.408
184.612 263.326 301.734 117.122 0.751 0.468 -0.743 0.476
179.715 264.301 305.749 126.034 0.887 0.552 -0.888 0.550
175.196 265.220 309.418 134.222 1.033 0.643 -1.062 0.613
170.912 266.111 312.977 142.065 1.186 0.738 -1.252 0.672
166.407 266.901 316.651 150.244 1.355 0.843 -1.447 0.751
162.072 267.857 320.397 158.326 1.566 0.974 -1.712 0.828
157.578 268.792 323.962 166.384 1.810 1.128 -2.006 0.932
152.831 269.660 327.782 174.950 2.073 1.281 -2.310 1.044
149.098 270.178 331.093 181.995 2.399 1.441 -2.690 1.150
146.173 271.026 333.286 187.113 2.701 1.583 -3.063 1.221
144.012 271.506 335.120 191.108 3.036 1.715 -3.440 1.311
141.765 271.926 337.085 195.321 3.344 1.846 -3.779 1.411
140.211 272.114 338.261 198.050 3.699 1.970 -4.160 1.509
138.465 272.469 339.654 201.189 4.025 2.071 -4.545 1.551
137.231 272.723 340.750 203.519 4.404 2.177 -4.959 1.621
136.016 272.961 341.768 205.752 4.726 2.246 -5.281 1.690
135.070 273.181 342.531 207.461 5.079 2.321 -5.640 1.760
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σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

134.017 273.293 343.356 209.339 5.437 2.389 -6.040 1.786
135.105 273.123 342.503 207.398 5.672 2.422 -6.292 1.802
138.830 272.499 339.477 200.648 5.803 2.429 -6.419 1.813
142.559 271.674 336.388 193.829 5.940 2.432 -6.539 1.833
146.618 270.879 332.993 186.374 6.130 2.434 -6.688 1.876
150.775 270.024 329.648 178.873 6.324 2.450 -6.850 1.924
154.513 269.133 326.567 172.053 6.550 2.465 -7.047 1.968
155.610 269.112 325.699 170.090 6.956 2.496 -7.465 1.987
155.924 268.911 325.466 169.542 7.379 2.512 -7.869 2.022
154.919 269.119 326.218 171.300 7.804 2.527 -8.238 2.093
154.526 269.145 326.578 172.052 8.205 2.532 -8.615 2.122
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Consolidated-drained true triaxial test No. 4: σ′c = 250 kPa, p′ = 250 kPa, θ = 60◦,
b = 1.00, e0 = 1.02, ec = 0.92, and ϕ′ = 25.55◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
245.300 252.350 252.350 7.050 0.003 0.000 -0.003 0.000
240.700 254.650 254.650 13.950 0.006 0.000 -0.005 0.001
236.000 257.000 257.000 21.000 0.013 0.001 -0.011 0.003
231.340 260.157 259.460 28.120 0.028 0.003 -0.024 0.008
226.663 263.016 261.835 35.171 0.054 0.041 -0.065 0.030
222.121 265.160 264.201 42.081 0.100 0.085 -0.123 0.062
217.299 267.628 266.791 49.493 0.164 0.146 -0.195 0.115
212.901 270.103 269.240 56.339 0.230 0.210 -0.270 0.170
208.335 272.329 271.450 63.116 0.298 0.275 -0.342 0.231
203.958 274.410 273.960 70.003 0.375 0.349 -0.425 0.298
199.286 276.354 276.517 77.231 0.451 0.422 -0.488 0.385
194.255 279.402 279.007 84.752 0.530 0.498 -0.581 0.447
189.335 281.950 281.568 92.233 0.611 0.576 -0.667 0.520
184.523 284.248 284.124 99.601 0.725 0.686 -0.788 0.624
180.018 286.754 286.586 106.568 0.811 0.768 -0.886 0.693
175.023 289.238 289.093 114.070 0.934 0.886 -1.028 0.792
170.115 291.814 291.727 121.612 1.071 1.018 -1.200 0.889
165.847 293.691 294.031 128.184 1.190 1.132 -1.347 0.976
160.707 296.932 296.707 136.000 1.363 1.298 -1.568 1.093
156.075 298.816 299.270 143.195 1.581 1.508 -1.882 1.207
151.654 301.261 301.558 149.904 1.772 1.691 -2.155 1.308
147.622 303.010 303.663 156.041 2.052 1.960 -2.561 1.451
144.300 304.806 305.460 161.160 2.307 2.205 -2.952 1.559
141.011 306.553 307.216 166.206 2.603 2.482 -3.409 1.675
138.571 307.478 308.496 169.925 2.931 2.756 -3.904 1.784
136.411 308.756 309.707 173.296 3.302 3.017 -4.432 1.887
134.125 309.873 310.873 176.748 3.641 3.272 -4.941 1.972
132.393 310.542 311.827 179.435 3.998 3.554 -5.493 2.059
130.814 311.463 312.728 181.914 4.362 3.772 -6.022 2.113
129.678 311.962 313.262 183.584 4.714 3.996 -6.541 2.169
127.873 312.976 314.447 186.574 5.101 4.260 -7.100 2.261
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σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

126.582 313.449 314.881 188.300 5.479 4.515 -7.660 2.334
126.010 313.783 315.190 189.180 5.879 4.764 -8.258 2.385
125.384 314.336 315.538 190.154 6.244 4.962 -8.771 2.434
126.886 313.184 314.760 187.875 6.497 5.078 -9.089 2.485
131.122 311.339 312.664 181.542 6.569 5.079 -9.143 2.505
135.108 309.387 310.412 175.304 6.680 5.082 -9.235 2.527
138.328 307.661 308.737 170.409 6.880 5.088 -9.419 2.549
141.973 305.781 306.773 164.800 7.080 5.116 -9.634 2.562
145.461 304.115 305.075 159.615 7.329 5.122 -9.887 2.565
146.381 303.606 304.474 158.093 7.705 5.156 -10.241 2.620
145.136 304.129 305.072 159.936 8.055 5.181 -10.559 2.677
144.537 304.536 305.416 160.879 8.405 5.195 -10.904 2.696
144.157 304.533 305.605 161.449 8.732 5.222 -11.247 2.708
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Consolidated-drained true triaxial test No. 5: σ′c = 250 kPa, p′ = 250 kPa, θ = 80◦,
b = 0.67, e0 = 1.02, ec = 0.91, and ϕ′ = 27.05◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
253.575 251.425 245.000 8.000 0.006 0.010 -0.011 0.005
254.712 249.500 238.163 16.549 0.015 0.019 -0.024 0.011
258.292 251.213 232.815 25.477 0.029 0.044 -0.047 0.026
262.108 252.656 229.230 32.878 0.045 0.058 -0.063 0.040
265.768 253.513 224.830 40.938 0.070 0.086 -0.100 0.056
269.135 254.454 220.548 48.587 0.110 0.131 -0.160 0.080
272.939 255.161 216.172 56.767 0.144 0.176 -0.217 0.104
276.431 256.082 211.730 64.700 0.197 0.233 -0.294 0.136
280.066 256.890 207.208 72.858 0.298 0.360 -0.448 0.210
284.888 257.927 201.305 83.583 0.412 0.469 -0.571 0.310
288.046 258.684 197.610 90.436 0.498 0.537 -0.669 0.366
291.442 259.449 193.491 97.952 0.633 0.641 -0.820 0.454
294.426 260.082 189.794 104.632 0.774 0.749 -0.982 0.540
298.065 260.952 185.420 112.645 0.923 0.850 -1.147 0.626
301.316 261.596 181.357 119.959 1.023 0.911 -1.251 0.683
304.950 262.429 177.115 127.835 1.192 1.016 -1.440 0.768
308.393 263.235 172.901 135.492 1.399 1.130 -1.670 0.859
313.603 264.470 167.057 146.546 1.701 1.316 -2.009 1.008
316.792 265.058 162.585 154.207 1.964 1.452 -2.278 1.138
319.936 265.771 158.864 161.072 2.215 1.576 -2.548 1.242
322.328 266.164 155.793 166.535 2.464 1.698 -2.827 1.335
325.194 266.844 152.419 172.774 2.718 1.810 -3.119 1.409
327.657 267.416 149.496 178.161 3.019 1.952 -3.477 1.495
329.697 267.801 146.983 182.714 3.299 2.064 -3.782 1.582
331.997 268.325 144.205 187.792 3.607 2.199 -4.131 1.675
334.067 268.702 141.637 192.430 3.920 2.330 -4.496 1.754
336.137 269.154 139.296 196.840 4.236 2.484 -4.917 1.804
337.921 269.539 136.981 200.940 4.502 2.625 -5.272 1.855
339.601 269.867 134.999 204.602 4.815 2.776 -5.646 1.944
341.184 270.215 133.186 207.998 5.115 2.892 -6.002 2.005
342.179 270.452 131.911 210.269 5.447 3.032 -6.424 2.055



184

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

343.257 270.705 130.555 212.701 5.849 3.206 -6.952 2.102
343.918 270.870 129.776 214.142 6.191 3.316 -7.351 2.155
344.548 271.025 129.112 215.436 6.615 3.475 -7.886 2.204
342.969 270.642 131.188 211.782 6.941 3.581 -8.289 2.233
340.315 270.081 134.265 206.051 7.216 3.587 -8.544 2.259
337.055 269.360 138.197 198.859 7.367 3.588 -8.673 2.282
333.928 268.624 141.969 191.959 7.492 3.590 -8.787 2.295
331.647 268.050 144.829 186.818 7.601 3.590 -8.882 2.309
329.596 267.613 147.430 182.165 7.767 3.591 -9.027 2.331
327.304 267.102 150.175 177.128 8.006 3.592 -9.237 2.361
326.105 266.840 151.557 174.548 8.263 3.593 -9.467 2.389
325.496 266.692 152.387 173.108 8.567 3.596 -9.754 2.408
324.820 266.595 153.087 171.733 8.906 3.600 -10.071 2.434
324.305 266.398 153.839 170.466 9.317 3.606 -10.421 2.501
324.630 266.494 153.376 171.254 9.768 3.613 -10.844 2.536
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Consolidated-drained true triaxial test No. 6: σ′c = 250 kPa, p′ = 250 kPa, θ = 100◦,
b = 0.35, e0 = 1.02, ec = 0.94, and ϕ′ = 26.96◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
253.380 250.620 246.000 7.000 0.003 0.000 -0.002 0.000
257.246 250.754 242.000 14.000 0.006 0.000 -0.005 0.001
262.265 245.080 238.679 21.000 0.010 0.000 -0.009 0.001
264.793 244.867 236.265 28.528 0.020 0.000 -0.019 0.002
268.422 246.001 233.341 35.081 0.038 0.002 -0.031 0.008
272.386 245.316 230.144 42.242 0.078 0.003 -0.060 0.021
276.311 244.679 227.145 49.166 0.132 0.005 -0.096 0.041
280.185 243.983 223.970 56.215 0.200 0.008 -0.135 0.073
284.109 243.161 220.519 63.590 0.287 0.012 -0.176 0.122
288.127 242.494 217.485 70.642 0.382 0.016 -0.218 0.180
291.579 242.336 215.180 76.400 0.472 0.019 -0.258 0.233
295.403 241.115 211.315 84.088 0.595 0.025 -0.305 0.315
299.561 240.380 207.950 91.611 0.715 0.030 -0.368 0.377
304.014 239.589 204.363 99.651 0.860 0.036 -0.443 0.453
307.896 238.837 201.174 106.722 0.998 0.042 -0.521 0.519
312.230 238.051 197.636 114.595 1.151 0.048 -0.607 0.592
316.388 237.296 194.280 122.107 1.330 0.056 -0.719 0.668
320.802 236.588 190.889 129.913 1.525 0.061 -0.860 0.726
325.023 235.755 187.256 137.767 1.738 0.061 -0.981 0.818
328.927 235.053 184.056 144.870 1.945 0.075 -1.104 0.916
333.530 234.208 180.283 153.247 2.160 0.073 -1.214 1.019
337.532 233.532 177.001 160.530 2.410 0.055 -1.343 1.122
341.000 232.963 174.231 166.769 2.685 0.055 -1.562 1.179
344.309 232.298 171.440 172.868 2.985 0.042 -1.763 1.264
347.939 231.661 168.602 179.337 3.260 0.041 -1.921 1.381
351.299 231.095 165.856 185.444 3.560 0.042 -2.107 1.495
354.805 230.445 163.052 191.754 3.860 0.042 -2.314 1.588
357.880 229.866 160.524 197.357 4.160 0.043 -2.556 1.647
360.810 229.429 158.217 202.593 4.485 0.043 -2.828 1.700
363.580 228.866 155.914 207.666 4.810 0.043 -3.043 1.810
366.871 228.284 153.237 213.635 5.210 0.044 -3.338 1.916



186

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

369.803 227.729 150.863 218.941 5.610 0.045 -3.706 1.948
371.577 227.439 149.422 222.155 6.011 0.018 -4.033 1.996
373.888 227.033 147.528 226.360 6.311 0.018 -4.246 2.083
375.842 226.700 146.062 229.780 6.698 0.019 -4.576 2.140
377.910 226.319 144.309 233.602 7.061 0.015 -4.905 2.171
378.880 226.128 143.503 235.376 7.411 0.013 -5.220 2.204
379.729 225.953 142.819 236.910 7.802 0.011 -5.535 2.279
378.037 226.338 144.268 233.769 8.086 0.011 -5.776 2.320
374.470 226.959 147.157 227.312 8.299 0.011 -5.973 2.336
370.309 227.651 150.471 219.838 8.459 0.010 -6.144 2.325
366.602 228.361 153.565 213.036 8.564 0.010 -6.246 2.328
362.936 229.097 156.560 206.376 8.696 0.010 -6.371 2.334
358.784 229.773 159.905 198.879 8.837 0.010 -6.501 2.346
354.986 230.505 162.965 192.021 8.986 0.009 -6.618 2.377
352.213 230.954 165.256 186.957 9.186 0.009 -6.788 2.407
350.545 231.296 166.659 183.886 9.344 0.009 -6.917 2.435
349.065 231.516 167.875 181.190 9.578 0.009 -7.115 2.473
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Consolidated-drained true triaxial test No. 7: σ′c = 250 kPa, p′ = 250 kPa, θ = 120◦,
b = 0.00, e0 = 1.02, ec = 0.93, and ϕ′ = 23.69◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
254.647 247.129 247.129 7.517 0.017 -0.005 -0.005 0.006
259.670 244.628 244.628 15.041 0.068 -0.018 -0.018 0.032
263.838 242.560 242.560 21.278 0.144 -0.044 -0.044 0.056
267.969 240.530 240.530 27.439 0.247 -0.067 -0.067 0.113
272.595 238.169 238.169 34.426 0.372 -0.089 -0.089 0.193
277.203 235.972 235.972 41.231 0.529 -0.113 -0.113 0.303
281.580 233.763 233.763 47.818 0.671 -0.147 -0.147 0.376
285.940 231.730 231.730 54.210 0.813 -0.184 -0.184 0.444
290.788 229.236 229.236 61.552 0.966 -0.217 -0.217 0.531
295.487 227.065 227.065 68.422 1.127 -0.258 -0.258 0.611
300.146 224.618 224.618 75.528 1.294 -0.322 -0.322 0.650
304.546 222.382 222.382 82.164 1.486 -0.403 -0.403 0.680
309.422 219.950 219.950 89.472 1.685 -0.471 -0.471 0.742
314.120 217.663 217.663 96.457 1.885 -0.512 -0.512 0.861
319.674 214.987 214.987 104.687 2.084 -0.567 -0.567 0.951
324.026 212.802 212.802 111.223 2.334 -0.631 -0.631 1.071
328.715 210.443 210.443 118.272 2.583 -0.734 -0.734 1.115
333.143 208.243 208.243 124.899 2.832 -0.829 -0.829 1.173
338.084 205.870 205.870 132.214 3.121 -0.913 -0.913 1.295
342.938 203.364 203.364 139.574 3.395 -0.996 -0.996 1.403
347.287 201.292 201.292 145.995 3.695 -1.071 -1.071 1.553
351.221 199.307 199.307 151.914 4.019 -1.198 -1.198 1.623
355.171 197.403 197.403 157.768 4.318 -1.318 -1.318 1.683
358.705 195.599 195.599 163.106 4.667 -1.454 -1.454 1.760
362.249 194.065 194.065 168.184 4.992 -1.567 -1.567 1.857
365.708 192.123 192.123 173.585 5.316 -1.686 -1.686 1.943
368.494 190.738 190.738 177.757 5.665 -1.852 -1.852 1.961
371.432 189.204 189.204 182.228 6.019 -1.997 -1.997 2.025
374.497 187.755 187.755 186.743 6.413 -2.155 -2.155 2.102
377.684 186.118 186.118 191.566 6.762 -2.283 -2.283 2.195
380.356 184.835 184.835 195.522 7.136 -2.429 -2.429 2.279
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σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

382.845 183.592 183.592 199.254 7.461 -2.533 -2.533 2.395
385.560 182.385 182.385 203.174 7.810 -2.702 -2.702 2.405
387.429 181.334 181.334 206.095 8.208 -2.868 -2.868 2.473
389.429 180.624 180.624 208.806 8.657 -3.082 -3.082 2.493
391.485 179.385 179.385 212.100 9.205 -3.329 -3.329 2.547
393.626 178.491 178.491 215.135 9.655 -3.514 -3.514 2.626
395.650 177.290 177.290 218.360 10.153 -3.759 -3.759 2.635
397.788 176.221 176.221 221.568 10.609 -3.929 -3.929 2.751
399.058 175.628 175.628 223.430 11.112 -4.130 -4.130 2.851
400.166 175.050 175.050 225.116 11.550 -4.372 -4.372 2.805
401.454 174.481 174.481 226.973 12.048 -4.591 -4.591 2.866
402.511 173.964 173.964 228.548 12.447 -4.776 -4.776 2.895
402.973 173.671 173.671 229.303 12.946 -5.042 -5.042 2.862
403.714 173.402 173.402 230.312 13.445 -5.265 -5.265 2.914
404.038 173.232 173.232 230.806 13.894 -5.453 -5.453 2.989
404.269 173.109 173.109 231.160 14.350 -5.696 -5.696 2.958
404.623 172.982 172.982 231.641 14.761 -5.898 -5.898 2.965
404.231 173.138 173.138 231.093 15.195 -6.094 -6.094 3.007
403.695 173.485 173.485 230.210 15.689 -6.316 -6.316 3.058
402.574 173.973 173.973 228.602 16.138 -6.568 -6.568 3.001
401.189 174.665 174.665 226.524 16.662 -6.765 -6.765 3.132
397.827 176.369 176.369 221.458 17.085 -6.989 -6.989 3.107
394.400 178.027 178.027 216.374 17.435 -7.159 -7.159 3.116
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Consolidated-drained true triaxial test No. 8: σ′c = 250 kPa, p′ = 250 kPa, θ = 140◦,
b = 0.35, e0 = 1.02, ec = 0.94, and ϕ′ = 25.21◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
253.900 249.291 246.809 7.091 0.002 0.000 -0.002 0.000
257.800 248.582 243.618 14.182 0.004 0.001 -0.004 0.001
261.800 247.855 240.345 21.455 0.012 0.002 -0.010 0.004
267.345 249.161 238.932 28.413 0.033 0.004 -0.020 0.016
271.019 248.399 235.972 35.047 0.076 0.008 -0.040 0.045
274.792 247.723 232.831 41.961 0.155 0.016 -0.072 0.098
278.416 247.075 229.909 48.507 0.237 0.025 -0.106 0.156
281.819 246.445 227.192 54.627 0.319 0.033 -0.143 0.209
285.437 245.827 224.218 61.219 0.408 0.042 -0.185 0.266
289.944 245.017 220.554 69.390 0.533 0.055 -0.243 0.345
293.702 244.340 217.489 76.213 0.648 0.067 -0.318 0.397
297.556 243.738 214.531 83.025 0.751 0.078 -0.375 0.453
301.128 242.983 211.448 89.680 0.873 0.090 -0.467 0.496
304.710 242.383 208.631 96.079 0.993 0.103 -0.549 0.546
308.228 241.783 205.750 102.478 1.128 0.117 -0.641 0.603
311.722 241.111 202.900 108.821 1.253 0.130 -0.716 0.667
315.410 240.462 199.839 115.570 1.408 0.146 -0.793 0.761
319.117 239.839 196.981 122.136 1.597 0.165 -0.889 0.873
322.524 239.224 194.135 128.389 1.791 0.185 -1.003 0.973
325.677 238.761 191.640 134.036 1.968 0.204 -1.120 1.051
328.992 238.065 188.856 140.135 2.179 0.225 -1.281 1.123
333.505 238.103 186.721 146.784 2.425 0.251 -1.484 1.191
335.849 236.953 183.464 152.385 2.613 0.271 -1.601 1.282
339.112 236.321 180.691 158.422 2.866 0.296 -1.771 1.391
342.400 235.731 178.140 164.261 3.103 0.323 -1.940 1.487
345.344 235.209 175.701 169.643 3.366 0.351 -2.143 1.574
348.203 234.693 173.304 174.899 3.617 0.367 -2.346 1.637
351.066 234.206 171.092 179.974 3.917 0.400 -2.613 1.703
353.854 233.669 168.698 185.157 4.217 0.424 -2.848 1.793
356.290 233.318 166.843 189.448 4.492 0.453 -3.055 1.890
359.081 232.719 164.532 194.549 4.767 0.474 -3.271 1.971
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σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

361.309 232.366 162.760 198.549 5.042 0.494 -3.519 2.018
363.560 231.959 160.888 202.673 5.368 0.511 -3.799 2.079
365.995 231.517 158.937 207.058 5.733 0.531 -4.100 2.164
368.208 231.141 157.289 210.919 6.038 0.546 -4.343 2.241
370.520 230.678 155.258 215.262 6.393 0.557 -4.639 2.311
372.315 230.394 153.748 218.567 6.792 0.560 -5.018 2.334
374.090 230.013 152.485 221.605 7.177 0.566 -5.345 2.398
375.065 229.794 151.690 223.375 7.524 0.586 -5.636 2.474
375.510 229.830 151.199 224.311 7.878 0.600 -5.973 2.505
374.002 230.115 152.498 221.504 8.191 0.608 -6.265 2.533
370.872 230.685 154.976 215.897 8.369 0.621 -6.436 2.554
368.642 231.094 157.249 211.394 8.620 0.630 -6.672 2.579
366.078 231.469 158.878 207.199 8.810 0.634 -6.842 2.602
364.305 231.763 160.261 204.044 9.052 0.639 -7.055 2.636
363.471 231.950 160.960 202.511 9.261 0.640 -7.244 2.656
362.737 232.271 162.257 200.480 9.601 0.640 -7.596 2.645
361.579 232.323 162.689 198.891 9.921 0.639 -7.893 2.668
360.222 232.646 163.641 196.581 10.271 0.648 -8.220 2.699
360.142 232.548 163.790 196.352 10.600 0.664 -8.530 2.735
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Consolidated-drained true triaxial test No. 9: σ′c = 250 kPa, p′ = 250 kPa, θ = 160◦,
b = 0.67, e0 = 1.02, ec = 0.91, and ϕ′ = 25.66◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
252.998 248.501 248.501 4.497 0.005 0.004 -0.009 0.000
255.997 247.001 247.001 8.996 0.008 0.007 -0.014 0.001
258.493 251.793 239.715 18.778 0.020 0.020 -0.036 0.005
260.406 252.711 233.793 26.613 0.040 0.049 -0.072 0.017
264.231 253.649 229.254 34.977 0.087 0.105 -0.143 0.048
267.267 254.291 225.501 41.767 0.154 0.187 -0.250 0.091
270.484 255.125 221.553 48.932 0.229 0.278 -0.365 0.142
273.763 255.826 217.535 56.227 0.314 0.380 -0.488 0.207
276.777 256.590 213.870 62.907 0.411 0.498 -0.617 0.292
279.556 257.253 210.487 69.069 0.495 0.598 -0.732 0.361
282.939 258.425 207.656 75.283 0.595 0.720 -0.881 0.435
285.247 258.575 203.565 81.682 0.677 0.819 -0.981 0.515
288.293 259.277 200.014 88.278 0.789 0.956 -1.163 0.581
291.333 259.912 196.111 95.222 0.904 1.077 -1.329 0.652
294.363 260.607 192.511 101.853 1.039 1.209 -1.518 0.730
297.160 261.272 189.163 107.998 1.179 1.334 -1.716 0.797
300.277 261.921 185.292 114.985 1.354 1.481 -1.971 0.864
303.185 262.615 181.874 121.311 1.529 1.629 -2.217 0.942
305.816 263.248 178.709 127.107 1.704 1.761 -2.423 1.042
308.202 263.716 175.664 132.538 1.879 1.896 -2.615 1.159
310.738 264.328 172.640 138.097 2.064 2.019 -2.825 1.257
313.645 264.876 169.167 144.478 2.302 2.184 -3.121 1.366
316.243 265.523 165.929 150.314 2.534 2.339 -3.430 1.444
318.473 266.085 163.200 155.273 2.776 2.493 -3.762 1.507
320.557 266.451 160.650 159.907 3.030 2.651 -4.095 1.586
322.540 266.900 158.315 164.225 3.271 2.806 -4.390 1.686
324.951 267.356 155.401 169.550 3.470 2.916 -4.632 1.755
326.799 267.834 153.206 173.592 3.771 3.096 -5.012 1.855
328.256 268.116 151.417 176.839 4.033 3.248 -5.364 1.917
330.010 268.545 149.308 180.702 4.247 3.377 -5.677 1.948
331.335 268.745 147.649 183.686 4.546 3.560 -6.113 1.994
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σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

332.780 268.999 145.972 186.808 4.839 3.736 -6.508 2.067
334.092 269.315 144.373 189.719 5.127 3.889 -6.870 2.146
335.538 269.698 142.682 192.856 5.385 4.025 -7.223 2.187
336.699 269.887 141.163 195.537 5.698 4.185 -7.682 2.201
338.026 270.128 139.627 198.399 6.035 4.363 -8.162 2.237
339.164 270.432 138.272 200.892 6.298 4.491 -8.500 2.290
340.415 270.696 136.882 203.533 6.598 4.636 -8.890 2.344
341.402 270.876 135.651 205.751 6.924 4.788 -9.346 2.366
341.778 270.961 135.231 206.547 7.231 4.931 -9.785 2.377
341.255 270.792 135.820 205.435 7.499 5.040 -10.147 2.392
340.624 270.612 136.585 204.039 7.800 5.139 -10.498 2.441
339.832 270.378 137.475 202.357 8.125 5.226 -10.867 2.484
337.877 269.875 139.924 197.953 8.300 5.261 -11.069 2.492
335.197 269.245 143.112 192.085 8.474 5.293 -11.277 2.490
333.537 268.889 145.219 188.318 8.613 5.295 -11.413 2.495
332.141 268.547 146.889 185.251 8.851 5.299 -11.639 2.511
330.929 268.261 148.361 182.568 9.070 5.331 -11.860 2.542
330.628 268.153 148.709 181.919 9.376 5.364 -12.157 2.583
330.648 268.178 148.800 181.849 9.777 5.371 -12.536 2.611
330.487 268.116 148.954 181.533 10.149 5.378 -12.923 2.605
330.348 268.072 149.088 181.261 10.448 5.392 -13.205 2.635
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Consolidated-drained true triaxial test No. 10: σ′c = 250 kPa, p′ = 250 kPa, θ = 180◦,
b = 1.00, e0 = 1.02, ec = 0.91, and ϕ′ = 24.84◦.

σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

250.000 250.000 250.000 0.000 0.000 0.000 0.000 0.000
252.400 252.400 245.200 7.200 0.010 0.015 -0.023 0.002
253.879 257.304 239.125 14.754 0.025 0.035 -0.054 0.007
256.619 259.994 233.528 23.091 0.070 0.104 -0.145 0.029
259.103 261.576 229.230 29.873 0.140 0.251 -0.298 0.094
261.440 264.738 224.349 37.091 0.246 0.492 -0.524 0.214
263.841 266.264 220.128 43.713 0.360 0.697 -0.758 0.298
266.643 268.789 214.993 51.649 0.500 0.934 -1.026 0.408
268.767 270.776 210.887 57.880 0.625 1.062 -1.179 0.509
271.359 273.130 206.019 65.340 0.760 1.194 -1.350 0.604
274.090 275.811 200.961 73.129 0.922 1.351 -1.542 0.732
276.539 277.597 196.509 80.030 1.057 1.482 -1.731 0.808
278.929 279.958 191.782 87.147 1.223 1.643 -1.964 0.901
281.403 282.347 187.134 94.269 1.393 1.809 -2.195 1.007
283.793 284.165 182.727 101.066 1.557 1.969 -2.409 1.117
286.329 286.866 177.973 108.356 1.783 2.188 -2.700 1.272
288.574 288.639 173.841 114.734 2.033 2.431 -3.047 1.416
290.819 290.763 169.601 121.219 2.282 2.673 -3.414 1.541
292.535 292.085 166.330 126.204 2.492 2.877 -3.737 1.631
294.501 293.505 162.719 131.781 2.744 3.122 -4.129 1.737
296.455 295.875 159.097 137.358 3.020 3.391 -4.581 1.831
298.341 297.346 155.452 142.890 3.330 3.692 -5.092 1.929
299.985 298.764 152.275 147.710 3.615 3.969 -5.575 2.009
301.874 300.135 148.934 152.940 3.920 4.287 -6.106 2.101
303.419 301.674 145.904 157.515 4.255 4.590 -6.654 2.190
304.631 302.931 143.606 161.025 4.554 4.880 -7.171 2.262
305.913 303.887 141.229 164.684 4.879 5.189 -7.732 2.336
307.066 304.869 138.982 168.084 5.192 5.501 -8.288 2.405
308.061 305.506 137.280 170.780 5.529 5.820 -8.901 2.448
308.881 306.367 135.647 173.234 5.873 6.129 -9.506 2.496
309.854 306.991 133.947 175.906 6.180 6.431 -10.068 2.543
310.708 307.635 132.391 178.317 6.530 6.768 -10.713 2.585
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σ′1 σ′2 σ′3 σ1 − σ3 ε1 ε2 ε3 εv
kPa kPa kPa kPa % % % %

311.410 308.392 130.886 180.524 6.876 7.035 -11.290 2.621
311.985 308.541 129.935 182.049 7.178 7.342 -11.874 2.646
312.406 309.031 129.183 183.223 7.531 7.686 -12.554 2.663
312.995 309.261 128.236 184.759 7.881 7.985 -13.177 2.689
313.118 309.337 127.891 185.227 8.206 8.304 -13.812 2.698
313.156 309.164 127.923 185.233 8.531 8.574 -14.407 2.699
312.882 308.966 128.406 184.477 8.883 8.853 -15.009 2.726
312.548 308.590 129.068 183.480 9.202 9.075 -15.515 2.762
311.818 307.475 130.592 181.227 9.453 9.265 -15.954 2.764
309.915 306.206 133.954 175.961 9.651 9.320 -16.203 2.767
308.015 304.181 137.688 170.327 9.808 9.382 -16.421 2.769
305.730 302.215 141.946 163.784 9.958 9.380 -16.565 2.773
303.810 300.316 145.669 158.141 10.082 9.380 -16.684 2.777
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APPENDIX B – RESULTS OF ONE-DIMENSIONAL

CONSOLIDATION, CONSOLIDATED-UNDRAINED, AND

DRAINED TRIAXIAL COMPRESSION TESTS USED FOR

CALIBRATION OF BOUNDING SURFACE PLASTICITY

MODELS
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One-dimensional consolidation test No. 1: Vertical specimen.

σ′v e
kPa

12.28 1.03
24.65 1.03
52.56 1.02
107.92 1.01
218.72 0.97
440.42 0.92
883.08 0.85
440.42 0.85
218.72 0.87
107.92 0.88
52.56 0.89
107.92 0.89
218.72 0.88
440.42 0.86
883.08 0.83
1773.69 0.78
3550.35 0.72
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Consolidated-undrained triaxial compression test No. 1: Vertical specimen, σ′0 = 250
kPa, e0 = 1.01, ec = 0.93, OCR = 1, and ϕ′ = 24.62◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

247.612 245.483 2.129 1.009 5.757 0.023 -0.011
250.325 242.973 7.353 1.030 8.267 0.031 -0.015
252.618 240.350 12.269 1.051 10.890 0.042 -0.021
254.872 237.577 17.294 1.073 13.662 0.049 -0.025
257.053 234.708 22.345 1.095 16.532 0.058 -0.029
259.032 231.772 27.260 1.118 19.467 0.066 -0.033
260.924 228.626 32.298 1.141 22.613 0.083 -0.042
262.710 225.437 37.273 1.165 25.802 0.108 -0.054
264.023 221.747 42.277 1.191 29.493 0.131 -0.065
265.578 218.315 47.263 1.216 32.924 0.158 -0.079
266.768 214.524 52.244 1.244 36.715 0.186 -0.093
267.752 210.515 57.238 1.272 40.724 0.223 -0.112
268.734 206.482 62.252 1.301 44.758 0.255 -0.128
269.691 202.440 67.251 1.332 48.799 0.307 -0.153
270.222 197.987 72.235 1.365 53.252 0.359 -0.179
270.681 193.441 77.240 1.399 57.798 0.423 -0.211
271.013 188.860 82.153 1.435 62.380 0.492 -0.246
271.309 185.082 86.227 1.466 66.157 0.559 -0.280
271.312 181.080 90.232 1.498 70.160 0.634 -0.317
271.154 176.933 94.221 1.533 74.306 0.726 -0.363
270.740 172.518 98.222 1.569 78.721 0.828 -0.414
270.205 167.985 102.220 1.609 83.255 0.948 -0.474
269.383 163.165 106.218 1.651 88.074 1.095 -0.548
268.960 158.740 110.220 1.694 92.500 1.232 -0.616
267.203 152.988 114.215 1.747 98.251 1.466 -0.733
265.320 147.096 118.224 1.804 104.143 1.719 -0.859
261.667 139.462 122.205 1.876 111.777 2.123 -1.062
259.024 133.458 125.567 1.941 117.781 2.501 -1.250
254.892 127.305 127.587 2.002 123.934 3.001 -1.500
251.296 122.529 128.767 2.051 128.710 3.501 -1.751
246.490 117.159 129.331 2.104 134.080 4.101 -2.050
242.570 112.915 129.655 2.148 138.324 4.717 -2.359
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

237.961 108.542 129.418 2.192 142.697 5.351 -2.676
234.865 105.985 128.880 2.216 145.254 5.872 -2.936
232.393 103.804 128.589 2.239 147.435 6.344 -3.172
229.548 101.585 127.963 2.260 149.654 6.923 -3.461
227.567 99.880 127.687 2.278 151.360 7.396 -3.698
223.152 96.733 126.420 2.307 154.507 8.178 -4.089
221.101 95.297 125.804 2.320 155.942 8.635 -4.318
219.582 94.316 125.266 2.328 156.924 9.001 -4.500
217.928 93.065 124.863 2.342 158.174 9.574 -4.787
213.652 90.566 123.087 2.359 160.674 10.455 -5.228
209.533 87.981 121.552 2.382 163.258 11.687 -5.843
206.721 86.386 120.334 2.393 164.853 12.500 -6.250
204.571 85.119 119.452 2.403 166.120 13.483 -6.742
201.084 83.385 117.699 2.412 167.854 14.377 -7.189
198.915 82.309 116.606 2.417 168.931 15.306 -7.653
194.547 80.333 114.215 2.422 170.907 16.505 -8.252
190.605 78.568 112.036 2.426 172.671 17.879 -8.939
187.094 77.055 110.039 2.428 174.185 18.804 -9.402
181.793 75.015 106.777 2.423 176.224 19.974 -9.987
178.199 73.886 104.313 2.412 177.354 21.000 -10.500
174.245 73.190 101.055 2.381 178.049 21.767 -10.884
168.811 71.941 96.870 2.347 179.298 22.646 -11.323
164.308 70.862 93.446 2.319 180.378 23.297 -11.648
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Consolidated-undrained triaxial compression test No. 2: Vertical specimen, σ′0 = 250
kPa, e0 = 1.02, ec = 0.93, OCR = 2, and ϕ′ = 24.14◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

125.709 123.430 2.280 1.018 2.936 0.011 -0.005
127.620 122.653 4.967 1.040 3.713 0.014 -0.007
129.005 121.927 7.078 1.058 4.439 0.018 -0.009
130.917 120.985 9.932 1.082 5.380 0.025 -0.012
133.589 119.884 13.705 1.114 6.482 0.033 -0.017
135.900 118.733 17.167 1.145 7.632 0.040 -0.020
138.170 117.776 20.395 1.173 8.590 0.050 -0.025
140.090 116.977 23.113 1.198 9.389 0.059 -0.029
142.002 116.465 25.537 1.219 9.901 0.067 -0.034
143.822 115.858 27.963 1.241 10.507 0.079 -0.040
145.817 115.330 30.487 1.264 11.036 0.089 -0.045
147.877 114.935 32.942 1.287 11.431 0.106 -0.053
149.739 114.123 35.616 1.312 12.242 0.124 -0.062
151.883 113.667 38.216 1.336 12.699 0.139 -0.070
154.479 113.389 41.090 1.362 12.977 0.168 -0.084
156.756 112.768 43.988 1.390 13.598 0.193 -0.096
159.048 112.379 46.669 1.415 13.987 0.219 -0.110
161.252 111.993 49.259 1.440 14.373 0.252 -0.126
163.371 111.570 51.800 1.464 14.795 0.289 -0.145
165.703 111.113 54.590 1.491 15.252 0.349 -0.174
168.365 110.637 57.728 1.522 15.728 0.404 -0.202
170.999 110.162 60.837 1.552 16.204 0.464 -0.232
173.821 109.656 64.166 1.585 16.710 0.530 -0.265
176.279 109.353 66.926 1.612 17.013 0.593 -0.296
178.955 108.917 70.038 1.643 17.449 0.682 -0.341
181.490 108.403 73.087 1.674 17.963 0.764 -0.382
183.531 107.640 75.891 1.705 18.725 0.866 -0.433
186.388 107.103 79.284 1.740 19.262 0.991 -0.495
189.044 106.394 82.650 1.777 19.972 1.132 -0.566
191.105 105.677 85.427 1.808 20.688 1.278 -0.639
194.559 104.789 89.770 1.857 21.577 1.503 -0.752
196.710 103.391 93.319 1.903 22.975 1.740 -0.870
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

198.619 100.833 97.786 1.970 25.533 2.162 -1.081
200.004 99.039 100.965 2.019 27.327 2.556 -1.278
200.325 96.436 103.889 2.077 29.929 3.045 -1.523
200.867 94.676 106.191 2.122 31.690 3.497 -1.748
200.386 92.612 107.774 2.164 33.754 4.149 -2.075
199.556 90.356 109.200 2.209 36.010 4.752 -2.376
199.053 88.779 110.274 2.242 37.587 5.397 -2.698
198.255 87.626 110.629 2.263 38.739 5.900 -2.950
197.529 86.630 110.899 2.280 39.736 6.372 -3.186
196.675 85.549 111.127 2.299 40.817 6.962 -3.481
195.775 84.565 111.210 2.315 41.801 7.455 -3.728
194.083 82.996 111.088 2.338 43.370 8.195 -4.097
193.295 82.286 111.009 2.349 44.080 8.685 -4.342
192.530 81.734 110.796 2.356 44.631 9.068 -4.534
191.426 80.963 110.463 2.364 45.402 9.610 -4.805
190.567 80.355 110.211 2.372 46.010 10.033 -5.016
189.202 79.564 109.638 2.378 46.802 10.500 -5.250
188.078 78.954 109.124 2.382 47.412 11.073 -5.536
187.018 78.444 108.574 2.384 47.921 11.650 -5.825
183.954 77.317 106.637 2.379 49.048 12.402 -6.201
181.527 76.619 104.908 2.369 49.747 12.965 -6.483
177.812 75.691 102.121 2.349 50.674 13.545 -6.773
172.487 75.150 97.337 2.295 51.216 14.267 -7.134
167.050 74.560 92.491 2.240 51.806 14.947 -7.473
162.490 73.227 89.263 2.219 53.139 15.656 -7.828
159.400 72.298 87.103 2.205 54.068 16.380 -8.190
157.953 71.679 86.274 2.204 54.686 17.065 -8.532
155.826 70.796 85.031 2.201 55.570 18.038 -9.019
154.700 70.193 84.507 2.204 56.173 18.814 -9.407
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Consolidated-undrained triaxial compression test No. 3: Vertical specimen, σ′0 = 250
kPa, e0 = 1.03, ec = 0.97, OCR = 8, and ϕ′ = 25.57◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

32.481 32.438 0.043 1.001 -0.273 0.015 -0.008
33.603 32.319 1.284 1.040 -0.154 0.021 -0.011
34.387 32.128 2.259 1.070 0.037 0.027 -0.014
35.242 31.985 3.256 1.102 0.179 0.031 -0.015
35.904 31.839 4.066 1.128 0.326 0.033 -0.017
36.842 31.660 5.182 1.164 0.504 0.036 -0.018
38.035 31.389 6.645 1.212 0.775 0.041 -0.021
39.178 31.222 7.957 1.255 0.943 0.057 -0.028
40.254 31.044 9.210 1.297 1.120 0.071 -0.035
40.993 30.766 10.227 1.332 1.399 0.083 -0.042
41.814 30.752 11.062 1.360 1.413 0.092 -0.046
42.467 30.572 11.895 1.389 1.592 0.103 -0.052
43.119 30.493 12.626 1.414 1.672 0.118 -0.059
43.796 30.489 13.307 1.436 1.676 0.138 -0.069
44.543 30.538 14.005 1.459 1.627 0.158 -0.079
45.106 30.479 14.627 1.480 1.686 0.178 -0.089
45.826 30.570 15.256 1.499 1.594 0.192 -0.096
46.604 30.623 15.981 1.522 1.542 0.225 -0.113
47.572 30.664 16.908 1.551 1.500 0.262 -0.131
48.633 30.729 17.904 1.583 1.435 0.294 -0.147
49.798 30.914 18.883 1.611 1.250 0.333 -0.166
50.798 30.782 20.016 1.650 1.382 0.382 -0.191
52.389 31.046 21.344 1.687 1.119 0.434 -0.217
54.317 31.424 22.892 1.728 0.740 0.497 -0.249
56.495 31.844 24.650 1.774 0.320 0.571 -0.286
58.978 32.221 26.757 1.830 -0.056 0.635 -0.317
60.985 32.655 28.331 1.868 -0.490 0.709 -0.354
62.991 33.058 29.933 1.905 -0.893 0.796 -0.398
65.493 33.763 31.729 1.940 -1.599 0.899 -0.450
68.270 34.380 33.890 1.986 -2.215 1.018 -0.509
71.644 35.286 36.358 2.030 -3.121 1.151 -0.575
74.884 35.972 38.912 2.082 -3.807 1.304 -0.652
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

79.397 37.263 42.134 2.131 -5.098 1.524 -0.762
84.402 38.424 45.977 2.197 -6.260 1.771 -0.885
91.245 40.260 50.985 2.266 -8.096 2.187 -1.093
97.168 41.925 55.243 2.318 -9.760 2.572 -1.286
103.175 43.696 59.479 2.361 -11.531 3.058 -1.529
108.095 45.190 62.905 2.392 -13.025 3.528 -1.764
113.501 47.187 66.314 2.405 -15.022 4.127 -2.063
117.230 48.218 69.012 2.431 -16.053 4.751 -2.375
121.291 49.617 71.674 2.445 -17.452 5.457 -2.729
123.218 50.257 72.961 2.452 -18.092 5.872 -2.936
124.521 50.588 73.933 2.461 -18.423 6.345 -3.173
126.132 51.027 75.105 2.472 -18.862 6.941 -3.470
126.779 51.068 75.711 2.483 -18.903 7.399 -3.700
127.403 51.206 76.197 2.488 -19.041 7.696 -3.848
127.659 51.179 76.480 2.494 -19.015 8.101 -4.051
127.932 51.174 76.758 2.500 -19.010 8.497 -4.248
128.495 51.225 77.269 2.508 -19.061 9.004 -4.502
128.505 51.145 77.361 2.513 -18.980 9.399 -4.699
128.020 50.827 77.192 2.519 -18.663 9.992 -4.996
127.747 50.808 76.939 2.514 -18.643 10.508 -5.254
127.062 50.814 76.248 2.501 -18.650 11.101 -5.551
125.187 50.429 74.758 2.482 -18.264 11.607 -5.803
122.937 49.972 72.965 2.460 -17.807 12.252 -6.126
122.029 49.954 72.075 2.443 -17.789 12.935 -6.468
119.168 49.105 70.063 2.427 -16.940 13.509 -6.755
116.012 48.578 67.434 2.388 -16.414 14.253 -7.127
114.274 48.196 66.078 2.371 -16.031 14.958 -7.479
111.898 47.860 64.038 2.338 -15.695 15.653 -7.827
111.751 47.870 63.880 2.334 -15.705 16.410 -8.205
111.281 47.726 63.555 2.332 -15.561 17.087 -8.543
110.063 47.588 62.475 2.313 -15.423 18.082 -9.041
109.587 47.442 62.145 2.310 -15.277 19.014 -9.507
108.880 47.054 61.826 2.314 -14.889 20.008 -10.004
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Consolidated-drained triaxial compression test No. 1: Vertical specimen, σ′0 = 250
kPa, e0 = 1.02, ec = 0.91, OCR = 1.0 and ϕ′ = 23.09◦.

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

250.100 250.051 0.048 0.015 0.002 0.020
270.100 249.434 20.665 0.066 0.009 0.084
294.397 249.977 44.421 0.203 0.020 0.244
315.744 250.018 65.726 0.394 0.022 0.438
335.327 249.797 85.530 0.628 0.002 0.631
354.919 250.168 104.751 0.876 -0.021 0.834
375.928 250.279 125.649 1.234 -0.075 1.084
393.678 250.490 143.188 1.588 -0.129 1.329
411.431 249.887 161.544 2.006 -0.232 1.542
428.424 250.357 178.067 2.487 -0.356 1.775
442.655 250.303 192.352 2.937 -0.476 1.985
455.263 249.805 205.458 3.439 -0.625 2.189
468.430 250.918 217.512 4.026 -0.815 2.395
481.052 251.146 229.906 4.499 -0.980 2.540
488.795 250.574 238.221 5.025 -1.166 2.692
468.666 250.419 218.247 5.021 -1.162 2.696
447.620 250.705 196.915 4.999 -1.153 2.694
428.518 251.872 176.646 4.977 -1.145 2.688
408.608 251.872 156.736 4.951 -1.135 2.681
387.608 251.972 135.636 4.908 -1.117 2.675
364.662 251.881 112.781 4.840 -1.084 2.672
388.935 251.152 137.783 4.853 -1.086 2.682
409.692 250.210 159.482 4.875 -1.087 2.701
428.694 249.883 178.811 4.908 -1.094 2.720
448.648 250.259 198.389 4.944 -1.101 2.742
467.818 250.556 217.262 4.995 -1.114 2.768
485.940 250.442 235.498 5.130 -1.163 2.804
497.109 250.880 246.229 5.484 -1.304 2.877
502.622 250.709 251.912 5.833 -1.442 2.950
509.473 250.533 258.940 6.289 -1.618 3.053
514.579 249.922 264.657 6.834 -1.824 3.186
522.678 250.317 272.361 7.490 -2.084 3.322
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σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

529.597 249.812 279.785 8.071 -2.325 3.420
531.742 249.008 282.734 8.737 -2.591 3.556
539.481 249.270 290.211 9.357 -2.927 3.679
541.543 249.306 292.237 9.998 -3.109 3.730
541.420 248.117 293.304 10.575 -3.367 3.841
549.797 248.555 301.242 11.240 -3.652 3.936
554.335 249.828 304.506 11.915 -3.963 3.989
553.368 248.096 305.272 12.661 -4.282 4.097
561.615 248.920 312.695 13.367 -4.598 4.170
561.638 248.468 313.171 14.095 -4.939 4.216
562.902 249.475 313.427 14.736 -5.217 4.302
568.878 248.969 319.910 15.405 -5.525 4.354
568.941 249.498 319.443 16.050 -5.833 4.384
565.994 248.197 317.797 16.649 -6.111 4.427
567.198 247.661 319.537 17.263 -6.394 4.474
568.084 248.088 319.996 17.944 -6.718 4.508
565.549 247.730 317.819 18.536 -7.000 4.535
566.003 248.585 317.418 19.225 -7.315 4.594
562.624 248.695 313.928 19.841 -7.613 4.615
538.053 248.608 289.445 20.452 -7.908 4.635
517.915 248.331 269.584 20.972 -8.158 4.656
501.986 250.224 251.762 21.677 -8.491 4.696
484.549 250.680 233.869 22.310 -8.810 4.691
469.017 250.448 218.569 23.028 -9.163 4.703
459.682 251.621 208.061 23.736 -9.496 4.743
456.954 250.386 206.569 24.387 -9.816 4.755
462.361 250.524 211.837 25.005 -10.121 4.762
567.198 247.661 319.537 17.263 -6.394 4.474
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Consolidated-drained triaxial compression test No. 2: Horizontal specimen, σ′0 = 250
kPa, e0 = 1.02, ec = 0.92, OCR = 1.0 and ϕ′ = 24.62◦.

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

249.998 249.946 0.053 0.010 0.000 0.010
267.757 249.609 18.148 0.139 -0.021 0.098
285.645 249.958 35.687 0.373 -0.032 0.309
298.677 249.717 48.960 0.575 -0.038 0.499
308.577 249.928 58.649 0.749 -0.053 0.643
319.428 249.809 69.620 0.960 -0.078 0.803
330.772 249.883 80.889 1.203 -0.110 0.984
332.810 250.584 82.226 1.242 -0.117 1.008
341.430 250.136 91.295 1.433 -0.150 1.133
355.348 250.005 105.343 1.768 -0.223 1.323
368.182 250.237 117.944 2.105 -0.294 1.518
383.274 250.016 133.258 2.505 -0.375 1.754
401.510 250.147 151.363 3.026 -0.502 2.022
415.051 249.732 165.319 3.496 -0.630 2.237
429.728 249.741 179.987 3.989 -0.771 2.447
444.016 249.836 194.180 4.486 -0.919 2.649
456.710 249.626 207.084 4.942 -1.055 2.831
469.299 249.961 219.338 5.456 -1.222 3.012
481.746 249.409 232.338 6.103 -1.467 3.169
463.042 249.804 213.237 6.103 -1.466 3.171
441.109 250.540 190.569 6.092 -1.460 3.171
419.188 251.475 167.714 6.073 -1.451 3.172
400.126 251.295 148.831 6.048 -1.438 3.173
376.767 251.515 125.252 6.022 -1.423 3.176
348.272 250.935 97.336 5.969 -1.393 3.183
376.586 250.343 126.243 5.972 -1.387 3.197
400.486 249.893 150.593 5.996 -1.393 3.210
420.853 249.951 170.902 6.017 -1.397 3.223
443.127 250.172 192.954 6.044 -1.402 3.240
466.133 249.738 216.395 6.105 -1.422 3.261
484.078 249.764 234.314 6.255 -1.474 3.307
491.775 249.635 242.140 6.495 -1.562 3.371
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σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

504.317 249.993 254.324 7.067 -1.776 3.515
513.161 250.426 262.735 7.664 -2.021 3.622
520.540 249.684 270.857 8.169 -2.215 3.739
531.697 249.509 282.187 8.827 -2.467 3.892
539.740 249.710 290.030 9.432 -2.721 3.990
546.428 249.311 297.117 10.143 -3.021 4.102
555.699 250.187 305.512 10.785 -3.288 4.209
562.606 249.535 313.070 11.449 -3.589 4.270
565.870 250.754 315.116 12.162 -3.781 4.291
574.029 249.761 324.268 12.844 -4.189 4.465
581.825 249.559 332.266 13.364 -4.422 4.520
584.941 250.047 334.894 13.957 -4.737 4.484
587.451 248.984 338.467 14.567 -4.998 4.570
596.262 249.648 346.614 15.138 -5.246 4.646
599.036 249.713 349.323 15.713 -5.540 4.633
600.252 250.315 349.936 16.356 -5.858 4.640
604.918 249.148 355.770 17.106 -6.179 4.748
602.480 249.511 352.969 17.768 -6.506 4.757
587.103 250.528 336.576 18.318 -6.782 4.754
567.964 250.487 317.477 18.815 -7.009 4.796
559.303 249.495 309.808 19.530 -7.340 4.850
549.536 250.693 298.843 20.435 -7.802 4.831
549.484 250.126 299.358 21.157 -8.124 4.909
543.726 250.419 293.307 22.282 -8.683 4.917
543.873 249.012 294.860 23.555 -9.267 5.022
539.072 250.368 288.704 24.670 -9.831 5.008
529.480 249.280 280.200 25.858 -10.399 5.061
604.918 249.148 355.770 17.106 -6.179 4.748
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APPENDIX C – RESULTS ONE-DIMENSIONAL

CONSOLIDATION, ISOTROPIC CONSOLIDATION,

CONSOLIDATED-UNDRAINED, AND DRAINED TRIAXIAL

COMPRESSION OF TESTS ON SOILS 68-32, 45-55, AND 24-76
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One-dimensional consolidation test No. 1: Soil 68-32, vertical specimen.

σ′v e
kPa

1.00 1.03
12.28 1.02
24.65 1.02
52.56 1.01
107.92 0.99
218.72 0.96
440.42 0.90
883.08 0.83
1773.69 0.77
3106.19 0.72

One-dimensional consolidation test No. 2: Soil 68-32, horizontal specimen.

σ′v e
kPa

12.00 1.02
28.15 1.02
56.52 1.01
113.33 0.99
226.04 0.94
451.06 0.87
901.33 0.82
1800.40 0.75
3599.91 0.69
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One-dimensional consolidation test No. 3: Soil 45-55, vertical specimen.

σ′v e
kPa

1.00 0.71
28.41 0.70
56.82 0.69
113.46 0.69
226.53 0.66
453.17 0.62
906.28 0.57
1813.46 0.52
3626.48 0.46

One-dimensional consolidation test No. 4: Soil 45-55, horizontal specimen.

σ′v e
kPa

1.00 0.71
12.00 0.70
28.15 0.69
56.52 0.68
113.33 0.67
226.04 0.64
451.06 0.59
901.33 0.55
1800.40 0.49
3599.91 0.44
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One-dimensional consolidation test No. 5: Soil 24-76, vertical specimen.

σ′v e
kPa

1.00 0.52
12.28 0.52
24.65 0.52
52.56 0.52
107.92 0.50
218.72 0.49
440.42 0.46
883.08 0.43
1773.69 0.39
3106.19 0.36

One-dimensional consolidation test No. 6: Soil 24-76, horizontal specimen.

σ′v e
kPa

1.00 0.52
12.00 0.52
28.15 0.51
56.52 0.50
113.33 0.48
226.04 0.46
451.06 0.43
901.33 0.40
1800.40 0.37
3599.91 0.34
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Isotropic consolidation test No. 1: Soil 68-32, vertical specimen.

σ′isotropic e
kPa

1.00 1.03
41.45 1.01
87.65 0.99
178.05 0.95
359.86 0.89
724.47 0.83
1452.70 0.77
2909.16 0.70

Isotropic consolidation test No. 2: Soil 45-55, vertical specimen.

σ′isotropic e
kPa

1.00 0.71
41.45 0.69
87.65 0.68
178.05 0.65
359.86 0.61
724.47 0.57
1452.70 0.52
2909.16 0.48
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Isotropic consolidation test No. 3: Soil 24-76, vertical specimen.

σ′isotropic e
kPa

1.00 0.52
41.45 0.51
87.65 0.51
178.05 0.49
359.86 0.46
724.47 0.44
1452.70 0.41
2909.16 0.37
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Consolidated-undrained triaxial compression test No. 1: Soil 68-32, vertical specimen,
σ′c = 250 kPa, e0 = 1.01, ec = 0.93, and ϕ′ = 24.62◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

246.541 246.389 0.152 1.001 4.850 0.020 -0.010
250.397 242.881 7.516 1.031 8.359 0.031 -0.016
253.864 238.855 15.008 1.063 12.384 0.047 -0.023
257.053 234.708 22.345 1.095 16.532 0.058 -0.029
259.903 229.946 29.957 1.130 21.293 0.073 -0.037
262.710 225.437 37.273 1.165 25.802 0.108 -0.054
264.919 219.747 45.172 1.206 31.492 0.147 -0.073
266.768 214.524 52.244 1.244 36.715 0.186 -0.093
268.543 208.566 59.978 1.288 42.674 0.241 -0.120
269.691 202.440 67.251 1.332 48.799 0.307 -0.153
270.505 195.537 74.968 1.383 55.702 0.395 -0.198
271.013 188.860 82.153 1.435 62.380 0.492 -0.246
271.333 182.073 89.261 1.490 69.167 0.617 -0.308
271.013 174.882 96.131 1.550 76.357 0.769 -0.384
270.097 167.511 102.587 1.612 83.729 0.959 -0.479
269.404 160.492 108.912 1.679 90.747 1.182 -0.591
266.284 150.827 115.457 1.765 100.412 1.561 -0.781
262.080 140.213 121.867 1.869 111.026 2.076 -1.038
256.389 129.259 127.131 1.984 121.981 2.827 -1.414
250.414 121.036 129.378 2.069 130.203 3.656 -1.828
242.570 112.915 129.655 2.148 138.324 4.717 -2.359
236.689 106.972 129.717 2.213 144.268 5.668 -2.834
231.329 102.951 128.378 2.247 148.288 6.593 -3.297
226.741 98.937 127.804 2.292 152.302 7.598 -3.799
220.685 94.990 125.695 2.323 156.250 8.722 -4.361
217.928 93.065 124.863 2.342 158.174 9.574 -4.787
213.448 90.596 122.852 2.356 160.643 10.690 -5.345
209.533 87.981 121.552 2.382 163.258 11.687 -5.843
206.721 86.386 120.334 2.393 164.853 12.500 -6.250
204.571 85.119 119.452 2.403 166.120 13.483 -6.742
201.084 83.385 117.699 2.412 167.854 14.377 -7.189
198.356 82.172 116.184 2.414 169.068 15.512 -7.756
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

193.872 79.989 113.884 2.424 171.251 16.668 -8.334
190.605 78.568 112.036 2.426 172.671 17.879 -8.939
187.094 77.055 110.039 2.428 174.185 18.804 -9.402
181.793 75.015 106.777 2.423 176.224 19.974 -9.987
178.199 73.886 104.313 2.412 177.354 21.000 -10.500
174.245 73.190 101.055 2.381 178.049 21.767 -10.884
168.811 71.941 96.870 2.347 179.298 22.646 -11.323
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Consolidated-undrained triaxial compression test No. 2: Soil 68-32, horizontal speci-
men, σ′c = 250 kPa, e0 = 1.03, ec = 0.93, and ϕ′ = 27.70◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

248.948 248.930 0.019 1.000 2.847 0.048 -0.024
254.346 246.798 7.547 1.031 4.978 0.057 -0.028
258.869 243.886 14.983 1.061 7.891 0.068 -0.034
262.788 240.116 22.672 1.094 11.661 0.083 -0.042
265.808 234.950 30.858 1.131 16.827 0.139 -0.070
266.963 229.423 37.541 1.164 22.354 0.177 -0.088
266.842 221.515 45.327 1.205 30.262 0.228 -0.114
264.275 211.077 53.198 1.252 40.700 0.334 -0.167
260.976 200.171 60.805 1.304 51.606 0.452 -0.226
255.901 187.260 68.641 1.367 64.516 0.615 -0.307
249.037 172.461 76.576 1.444 79.316 0.845 -0.423
241.521 156.986 84.535 1.538 94.791 1.168 -0.584
231.374 139.506 91.867 1.659 112.271 1.601 -0.800
220.770 122.271 98.498 1.806 129.505 2.267 -1.133
211.374 108.157 103.217 1.954 143.619 2.958 -1.479
204.356 97.824 106.532 2.089 153.953 3.724 -1.862
197.789 88.518 109.271 2.234 163.258 4.677 -2.339
193.647 82.055 111.592 2.360 169.722 5.644 -2.822
190.749 77.737 113.012 2.454 174.040 6.587 -3.294
188.581 74.334 114.248 2.537 177.443 7.559 -3.779
187.701 72.010 115.692 2.607 179.767 8.541 -4.270
187.106 70.668 116.438 2.648 181.109 9.423 -4.712
186.471 69.377 117.095 2.688 182.400 10.377 -5.188
186.299 68.617 117.682 2.715 183.160 11.393 -5.697
185.597 67.977 117.620 2.730 183.800 12.324 -6.162
183.912 67.312 116.600 2.732 184.464 13.267 -6.633
182.449 66.665 115.784 2.737 185.112 14.238 -7.119
180.452 66.218 114.234 2.725 185.559 15.228 -7.614
175.217 65.157 110.061 2.689 186.620 16.277 -8.139
169.340 64.205 105.135 2.637 187.571 17.329 -8.665
164.427 63.078 101.349 2.607 188.698 18.475 -9.237
160.567 62.088 98.479 2.586 189.689 19.731 -9.866
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

155.349 61.066 94.283 2.544 190.711 20.899 -10.450
152.772 60.590 92.182 2.521 191.187 22.080 -11.040
149.175 59.498 89.678 2.507 192.279 23.465 -11.733
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Consolidated-undrained triaxial compression test No. 3: Soil 45-55, vertical specimen,
σ′c = 250 kPa, e0 = 0.70, ec = 0.63, and ϕ′ = 29.72◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

246.967 246.865 0.101 1.000 4.741 0.001 0.000
251.618 244.214 7.405 1.030 7.393 0.007 -0.003
255.787 240.860 14.927 1.062 10.747 0.017 -0.009
259.938 237.288 22.651 1.095 14.319 0.030 -0.015
263.400 233.855 29.545 1.126 17.752 0.045 -0.022
266.880 229.844 37.036 1.161 21.763 0.055 -0.028
269.885 225.797 44.087 1.195 25.810 0.067 -0.034
272.418 221.126 51.293 1.232 30.481 0.082 -0.041
274.702 216.100 58.602 1.271 35.507 0.115 -0.058
276.869 210.579 66.290 1.315 41.028 0.157 -0.078
278.725 204.628 74.097 1.362 46.979 0.190 -0.095
280.210 198.895 81.314 1.409 52.712 0.234 -0.117
281.427 192.980 88.447 1.458 58.627 0.291 -0.145
282.175 186.739 95.437 1.511 64.868 0.347 -0.174
282.589 179.683 102.906 1.573 71.924 0.433 -0.216
283.398 173.170 110.228 1.637 78.437 0.516 -0.258
283.342 166.075 117.267 1.706 85.532 0.618 -0.309
281.888 156.395 125.493 1.802 95.212 0.792 -0.396
280.994 147.738 133.256 1.902 103.869 0.979 -0.489
276.869 137.013 139.856 2.021 114.594 1.269 -0.634
272.467 126.589 145.877 2.152 125.018 1.684 -0.842
265.284 115.115 150.169 2.305 136.492 2.326 -1.163
257.915 106.095 151.820 2.431 145.512 3.047 -1.524
251.250 99.669 151.581 2.521 151.938 3.774 -1.887
245.357 94.445 150.912 2.598 157.162 4.539 -2.269
239.357 89.588 149.769 2.672 162.019 5.463 -2.732
234.553 85.999 148.554 2.727 165.608 6.296 -3.148
230.187 83.180 147.007 2.767 168.427 7.140 -3.570
226.307 80.756 145.551 2.802 170.851 7.968 -3.984
223.074 78.997 144.076 2.824 172.609 8.765 -4.383
219.875 77.183 142.692 2.849 174.424 9.696 -4.848
216.172 75.397 140.775 2.867 176.210 10.576 -5.288
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

213.527 73.860 139.668 2.891 177.747 11.459 -5.729
210.597 72.494 138.103 2.905 179.113 12.422 -6.211
208.274 71.455 136.819 2.915 180.152 13.193 -6.597
205.712 70.266 135.446 2.928 181.340 14.030 -7.015
203.376 69.229 134.147 2.938 182.378 14.876 -7.438
200.482 67.958 132.524 2.950 183.649 15.890 -7.945
197.719 66.869 130.850 2.957 184.738 16.877 -8.438
195.104 65.831 129.274 2.964 185.776 17.891 -8.946
192.588 64.935 127.653 2.966 186.672 18.758 -9.379
189.650 64.000 125.650 2.963 187.600 19.600 -9.800
187.448 63.375 124.073 2.958 188.232 20.533 -10.267
185.017 62.461 122.557 2.962 189.146 21.424 -10.712
182.176 61.515 120.661 2.961 190.092 22.357 -11.179
178.609 60.552 118.057 2.950 191.055 23.387 -11.694
175.113 59.515 115.598 2.942 192.092 24.267 -12.134
172.104 58.606 113.499 2.937 193.001 25.251 -12.626
169.577 57.601 111.977 2.944 194.006 26.172 -13.086
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Consolidated-undrained triaxial compression test No. 4: Soil 45-55, horizontal speci-
men, σ′c = 250 kPa, e0 = 0.70, ec = 0.64, and ϕ′ = 29.93◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

248.035 247.967 0.068 1.000 2.376 0.012 -0.006
253.473 246.050 7.423 1.030 4.293 0.021 -0.010
258.203 243.043 15.160 1.062 7.300 0.032 -0.016
261.995 239.364 22.630 1.095 10.978 0.043 -0.021
265.043 234.474 30.570 1.130 15.869 0.062 -0.031
267.007 229.252 37.756 1.165 21.091 0.093 -0.046
268.284 222.730 45.554 1.205 27.613 0.121 -0.060
268.015 214.634 53.381 1.249 35.709 0.165 -0.083
265.889 204.856 61.033 1.298 45.487 0.230 -0.115
262.613 193.845 68.768 1.355 56.498 0.304 -0.152
258.695 182.939 75.756 1.414 67.404 0.396 -0.198
253.178 169.899 83.279 1.490 80.443 0.508 -0.254
245.841 155.371 90.469 1.582 94.972 0.692 -0.346
238.505 140.946 97.559 1.692 109.397 0.928 -0.464
229.341 125.784 103.557 1.823 124.559 1.251 -0.626
218.568 109.504 109.064 1.996 140.839 1.728 -0.864
209.403 96.018 113.385 2.181 154.325 2.317 -1.158
201.963 85.353 116.609 2.366 164.989 3.091 -1.546
198.040 79.171 118.869 2.501 171.172 3.824 -1.912
195.072 74.211 120.862 2.629 176.132 4.610 -2.305
193.670 70.847 122.824 2.734 179.496 5.538 -2.769
193.659 69.019 124.640 2.806 181.324 6.371 -3.186
193.806 67.699 126.107 2.863 182.643 7.214 -3.607
194.255 66.644 127.611 2.915 183.699 8.047 -4.023
194.643 66.218 128.425 2.939 184.125 8.874 -4.437
195.694 66.057 129.638 2.963 184.286 9.782 -4.891
196.365 66.120 130.245 2.970 184.223 10.702 -5.351
196.499 65.766 130.732 2.988 184.576 11.569 -5.784
196.942 66.001 130.941 2.984 184.342 12.558 -6.279
196.759 65.854 130.905 2.988 184.488 13.329 -6.665
196.395 65.639 130.756 2.992 184.704 14.170 -7.085
196.249 65.800 130.449 2.982 184.543 15.016 -7.508
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

195.212 65.622 129.590 2.975 184.721 15.835 -7.918
194.524 65.337 129.187 2.977 185.006 16.689 -8.344
193.883 65.225 128.658 2.973 185.118 17.344 -8.672
192.729 65.036 127.693 2.963 185.307 18.211 -9.105
191.067 64.602 126.465 2.958 185.740 19.139 -9.569
189.407 64.045 125.362 2.957 186.297 20.005 -10.002
187.727 63.604 124.123 2.951 186.739 21.001 -10.500
185.460 63.073 122.387 2.940 187.270 22.000 -11.000
183.843 62.570 121.273 2.938 187.773 23.000 -11.500
182.298 62.010 120.288 2.940 188.333 24.000 -12.000
179.316 61.312 118.004 2.925 189.030 25.000 -12.500
177.637 60.707 116.930 2.926 189.635 26.000 -13.000
175.221 60.156 115.064 2.913 190.186 27.000 -13.500
173.319 59.647 113.672 2.906 190.696 28.000 -14.000
171.040 58.842 112.198 2.907 191.501 29.000 -14.500
168.788 58.176 110.612 2.901 192.167 30.000 -15.000
166.648 57.547 109.101 2.896 192.795 31.000 -15.500
164.754 56.960 107.794 2.892 193.383 32.000 -16.000
162.724 56.238 106.486 2.894 194.105 33.000 -16.500



221

Consolidated-undrained triaxial compression test No. 5: Soil 24-76, vertical specimen,
σ′c = 250 kPa, e0 = 0.52, ec = 0.48, and ϕ′ = 37.84◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

245.614 245.533 0.081 1.000 4.396 0.028 -0.014
250.744 243.258 7.486 1.031 6.672 0.034 -0.017
255.649 240.528 15.121 1.063 9.402 0.039 -0.019
259.981 237.525 22.456 1.095 12.404 0.043 -0.022
264.419 233.903 30.516 1.130 16.027 0.051 -0.026
268.298 230.197 38.101 1.166 19.732 0.064 -0.032
271.631 226.406 45.225 1.200 23.523 0.080 -0.040
274.816 222.279 52.537 1.236 27.651 0.099 -0.050
277.771 217.827 59.944 1.275 32.103 0.117 -0.058
280.243 213.531 66.712 1.312 36.398 0.130 -0.065
282.841 208.548 74.293 1.356 41.382 0.145 -0.073
285.327 202.962 82.365 1.406 46.967 0.168 -0.084
287.541 197.458 90.083 1.456 52.471 0.193 -0.096
289.283 192.187 97.096 1.505 57.742 0.221 -0.110
291.085 186.213 104.873 1.563 63.717 0.257 -0.128
292.966 179.988 112.978 1.628 69.941 0.285 -0.143
294.048 173.334 120.714 1.696 76.595 0.328 -0.164
294.914 166.551 128.363 1.771 83.378 0.372 -0.186
295.292 159.076 136.217 1.856 90.854 0.424 -0.212
295.063 151.593 143.470 1.946 98.337 0.490 -0.245
294.988 143.912 151.076 2.050 106.017 0.573 -0.286
294.173 134.782 159.391 2.183 115.148 0.666 -0.333
292.706 126.037 166.668 2.322 123.892 0.790 -0.395
290.876 116.599 174.277 2.495 133.331 0.965 -0.482
288.239 106.913 181.326 2.696 143.017 1.211 -0.605
283.975 96.409 187.566 2.946 153.520 1.642 -0.821
278.243 85.463 192.779 3.256 164.466 2.382 -1.191
274.483 78.841 195.641 3.481 171.088 3.222 -1.611
273.269 75.245 198.024 3.632 174.685 4.045 -2.023
272.354 72.837 199.517 3.739 177.092 4.937 -2.468
271.522 70.944 200.578 3.827 178.985 5.780 -2.890
271.616 69.927 201.689 3.884 180.002 6.654 -3.327
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

271.823 69.149 202.674 3.931 180.781 7.502 -3.751
272.345 68.609 203.737 3.970 181.321 8.448 -4.224
272.376 68.183 204.192 3.995 181.746 9.146 -4.573
272.677 67.978 204.699 4.011 181.951 9.798 -4.899
273.119 67.666 205.453 4.036 182.264 10.498 -5.249
272.974 67.377 205.597 4.051 182.552 11.188 -5.594
272.918 67.190 205.727 4.062 182.739 12.058 -6.029
272.280 67.049 205.231 4.061 182.880 12.915 -6.457
271.640 66.433 205.208 4.089 183.497 13.864 -6.932
270.912 66.132 204.780 4.097 183.797 14.673 -7.337
269.722 65.947 203.774 4.090 183.982 15.463 -7.732
268.972 65.537 203.435 4.104 184.393 16.313 -8.156
267.877 65.719 202.158 4.076 184.210 17.232 -8.616
265.654 64.594 201.059 4.113 185.335 18.325 -9.162
264.061 64.331 199.729 4.105 185.598 19.245 -9.622
261.542 63.427 198.116 4.124 186.503 20.527 -10.263
260.117 63.016 197.101 4.128 186.913 21.555 -10.778
257.811 62.649 195.162 4.115 187.280 22.507 -11.253
255.724 61.990 193.735 4.125 187.940 23.519 -11.760
253.995 61.489 192.506 4.131 188.440 24.484 -12.242
251.866 61.001 190.865 4.129 188.929 25.426 -12.713
250.580 60.405 190.176 4.148 189.525 26.405 -13.202
248.242 59.967 188.275 4.140 189.963 27.356 -13.678
247.006 59.344 187.662 4.162 190.585 28.360 -14.180
244.489 58.893 185.596 4.151 191.036 29.317 -14.658
243.637 58.492 185.145 4.165 191.438 30.311 -15.156
241.240 57.910 183.330 4.166 192.019 31.277 -15.638
239.706 57.626 182.080 4.160 192.304 32.245 -16.122
237.531 56.976 180.554 4.169 192.953 33.211 -16.605
236.504 56.657 179.847 4.174 193.273 34.202 -17.101
234.417 56.361 178.057 4.159 193.569 35.164 -17.582
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Consolidated-undrained triaxial compression test No. 6: Soil 24-76, horizontal speci-
men, σ′c = 250 kPa, e0 = 0.51, ec = 0.47, and ϕ′ = 37.76◦.

σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

247.879 247.631 0.248 1.001 2.156 0.004 -0.002
253.050 245.389 7.662 1.031 4.399 0.009 -0.004
257.783 242.685 15.098 1.062 7.102 0.015 -0.008
261.922 239.325 22.597 1.094 10.462 0.021 -0.010
265.509 235.102 30.406 1.129 14.685 0.030 -0.015
267.789 230.700 37.089 1.161 19.087 0.043 -0.022
269.699 225.687 44.012 1.195 24.100 0.054 -0.027
271.111 220.667 50.445 1.229 29.121 0.068 -0.034
271.820 214.835 56.984 1.265 34.952 0.096 -0.048
272.020 208.112 63.908 1.307 41.675 0.122 -0.061
271.418 201.091 70.327 1.350 48.696 0.136 -0.068
270.182 193.255 76.927 1.398 56.532 0.160 -0.080
267.625 184.056 83.569 1.454 65.731 0.202 -0.101
265.003 174.569 90.434 1.518 75.218 0.242 -0.121
261.689 164.924 96.765 1.587 84.863 0.290 -0.145
256.044 152.320 103.724 1.681 97.467 0.369 -0.185
249.728 140.340 109.388 1.779 109.448 0.448 -0.224
240.722 125.180 115.542 1.923 124.607 0.580 -0.290
224.832 103.647 121.185 2.169 146.140 0.836 -0.418
209.979 86.224 123.756 2.435 163.564 1.163 -0.582
199.861 74.985 124.876 2.665 174.802 1.484 -0.742
187.712 61.085 126.627 3.073 188.702 2.339 -1.170
183.438 53.901 129.537 3.403 195.886 3.295 -1.647
184.134 51.424 132.710 3.581 198.363 4.169 -2.084
186.597 50.379 136.218 3.704 199.408 5.000 -2.500
189.908 49.485 140.423 3.838 200.302 5.946 -2.973
193.794 49.494 144.300 3.916 200.293 6.797 -3.398
197.917 49.755 148.162 3.978 200.032 7.701 -3.851
202.432 50.478 151.954 4.010 199.309 8.550 -4.275
206.508 51.041 155.466 4.046 198.746 9.430 -4.715
210.809 51.662 159.148 4.081 198.126 10.358 -5.179
215.491 52.529 162.962 4.102 197.258 11.380 -5.690
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σ′1 σ′2 = σ′3 σ1 − σ3 σ′1/σ
′
3 ∆u ε1 ε2 = ε3

kPa kPa kPa kPa % %

219.185 53.034 166.152 4.133 196.754 12.327 -6.163
222.778 53.807 168.971 4.140 195.980 13.251 -6.625
226.153 54.514 171.640 4.149 195.273 14.222 -7.111
229.233 55.146 174.088 4.157 194.641 15.216 -7.608
232.096 55.890 176.206 4.153 193.897 16.257 -8.128
234.296 56.408 177.888 4.154 193.379 17.290 -8.645
236.589 56.892 179.697 4.159 192.895 18.454 -9.227
238.766 57.551 181.214 4.149 192.236 19.698 -9.849
240.126 57.877 182.248 4.149 191.910 20.859 -10.430
241.141 58.289 182.853 4.137 191.499 22.047 -11.023
242.011 58.650 183.361 4.126 191.137 23.444 -11.722
242.200 58.914 183.286 4.111 190.873 24.797 -12.398
243.041 59.147 183.894 4.109 190.641 25.917 -12.958
243.183 59.175 184.008 4.110 190.612 27.151 -13.576
243.304 59.146 184.158 4.114 190.641 28.539 -14.269
243.606 59.184 184.422 4.116 190.604 29.704 -14.852
243.511 59.093 184.418 4.121 190.694 30.861 -15.430
243.211 59.039 184.171 4.119 190.748 31.837 -15.918
242.681 58.900 183.781 4.120 190.887 33.024 -16.512
242.268 58.776 183.492 4.122 191.012 34.413 -17.206
240.768 58.522 182.246 4.114 191.266 35.799 -17.900
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Consolidated-drained triaxial compression test No. 1: Soil 68-32, vertical specimen,
σ′c = 250 kPa, e0 = 1.02, ec = 0.91, and ϕ′ = 23.09◦.

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

250.100 250.051 0.048 0.015 0.002 0.020
270.100 249.434 20.665 0.066 0.009 0.084
294.397 249.977 44.421 0.203 0.020 0.244
315.744 250.018 65.726 0.394 0.022 0.438
335.327 249.797 85.530 0.628 0.002 0.631
354.919 250.168 104.751 0.876 -0.021 0.834
375.928 250.279 125.649 1.234 -0.075 1.084
393.678 250.490 143.188 1.588 -0.129 1.329
411.431 249.887 161.544 2.006 -0.232 1.542
428.424 250.357 178.067 2.487 -0.356 1.775
442.655 250.303 192.352 2.937 -0.476 1.985
455.263 249.805 205.458 3.439 -0.625 2.189
468.430 250.918 217.512 4.026 -0.815 2.395
481.052 251.146 229.906 4.499 -0.980 2.540
488.795 250.574 238.221 5.025 -1.166 2.692
468.666 250.419 218.247 5.021 -1.162 2.696
447.620 250.705 196.915 4.999 -1.153 2.694
428.518 251.872 176.646 4.977 -1.145 2.688
408.608 251.872 156.736 4.951 -1.135 2.681
387.608 251.972 135.636 4.908 -1.117 2.675
364.662 251.881 112.781 4.840 -1.084 2.672
388.935 251.152 137.783 4.853 -1.086 2.682
409.692 250.210 159.482 4.875 -1.087 2.701
428.694 249.883 178.811 4.908 -1.094 2.720
448.648 250.259 198.389 4.944 -1.101 2.742
467.818 250.556 217.262 4.995 -1.114 2.768
485.940 250.442 235.498 5.130 -1.163 2.804
497.109 250.880 246.229 5.484 -1.304 2.877
502.622 250.709 251.912 5.833 -1.442 2.950
509.473 250.533 258.940 6.289 -1.618 3.053
514.579 249.922 264.657 6.834 -1.824 3.186
522.678 250.317 272.361 7.490 -2.084 3.322



226

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

529.597 249.812 279.785 8.071 -2.325 3.420
531.742 249.008 282.734 8.737 -2.591 3.556
539.481 249.270 290.211 9.357 -2.927 3.679
541.543 249.306 292.237 9.998 -3.109 3.730
541.420 248.117 293.304 10.575 -3.367 3.841
549.797 248.555 301.242 11.240 -3.652 3.936
554.335 249.828 304.506 11.915 -3.963 3.989
553.368 248.096 305.272 12.661 -4.282 4.097
561.615 248.920 312.695 13.367 -4.598 4.170
561.638 248.468 313.171 14.095 -4.939 4.216
562.902 249.475 313.427 14.736 -5.217 4.302
568.878 248.969 319.910 15.405 -5.525 4.354
568.941 249.498 319.443 16.050 -5.833 4.384
565.994 248.197 317.797 16.649 -6.111 4.427
567.198 247.661 319.537 17.263 -6.394 4.474
568.084 248.088 319.996 17.944 -6.718 4.508
565.549 247.730 317.819 18.536 -7.000 4.535
566.003 248.585 317.418 19.225 -7.315 4.594
562.624 248.695 313.928 19.841 -7.613 4.615
538.053 248.608 289.445 20.452 -7.908 4.635
517.915 248.331 269.584 20.972 -8.158 4.656
501.986 250.224 251.762 21.677 -8.491 4.696
484.549 250.680 233.869 22.310 -8.810 4.691
469.017 250.448 218.569 23.028 -9.163 4.703
459.682 251.621 208.061 23.736 -9.496 4.743
456.954 250.386 206.569 24.387 -9.816 4.755
462.361 250.524 211.837 25.005 -10.121 4.762
567.198 247.661 319.537 17.263 -6.394 4.474
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Consolidated-drained triaxial compression test No. 2: Soil 68-32, horizontal specimen,
σ′c = 250 kPa, e0 = 1.02, ec = 0.92, and ϕ′ = 24.62◦.

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

249.998 249.946 0.053 0.010 0.000 0.010
267.757 249.609 18.148 0.139 -0.021 0.098
285.645 249.958 35.687 0.373 -0.032 0.309
298.677 249.717 48.960 0.575 -0.038 0.499
308.577 249.928 58.649 0.749 -0.053 0.643
319.428 249.809 69.620 0.960 -0.078 0.803
330.772 249.883 80.889 1.203 -0.110 0.984
332.810 250.584 82.226 1.242 -0.117 1.008
341.430 250.136 91.295 1.433 -0.150 1.133
355.348 250.005 105.343 1.768 -0.223 1.323
368.182 250.237 117.944 2.105 -0.294 1.518
383.274 250.016 133.258 2.505 -0.375 1.754
401.510 250.147 151.363 3.026 -0.502 2.022
415.051 249.732 165.319 3.496 -0.630 2.237
429.728 249.741 179.987 3.989 -0.771 2.447
444.016 249.836 194.180 4.486 -0.919 2.649
456.710 249.626 207.084 4.942 -1.055 2.831
469.299 249.961 219.338 5.456 -1.222 3.012
481.746 249.409 232.338 6.103 -1.467 3.169
463.042 249.804 213.237 6.103 -1.466 3.171
441.109 250.540 190.569 6.092 -1.460 3.171
419.188 251.475 167.714 6.073 -1.451 3.172
400.126 251.295 148.831 6.048 -1.438 3.173
376.767 251.515 125.252 6.022 -1.423 3.176
348.272 250.935 97.336 5.969 -1.393 3.183
376.586 250.343 126.243 5.972 -1.387 3.197
400.486 249.893 150.593 5.996 -1.393 3.210
420.853 249.951 170.902 6.017 -1.397 3.223
443.127 250.172 192.954 6.044 -1.402 3.240
466.133 249.738 216.395 6.105 -1.422 3.261
484.078 249.764 234.314 6.255 -1.474 3.307
491.775 249.635 242.140 6.495 -1.562 3.371



228

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

504.317 249.993 254.324 7.067 -1.776 3.515
513.161 250.426 262.735 7.664 -2.021 3.622
520.540 249.684 270.857 8.169 -2.215 3.739
531.697 249.509 282.187 8.827 -2.467 3.892
539.740 249.710 290.030 9.432 -2.721 3.990
546.428 249.311 297.117 10.143 -3.021 4.102
555.699 250.187 305.512 10.785 -3.288 4.209
562.606 249.535 313.070 11.449 -3.589 4.270
565.870 250.754 315.116 12.162 -3.781 4.291
574.029 249.761 324.268 12.844 -4.189 4.465
581.825 249.559 332.266 13.364 -4.422 4.520
584.941 250.047 334.894 13.957 -4.737 4.484
587.451 248.984 338.467 14.567 -4.998 4.570
596.262 249.648 346.614 15.138 -5.246 4.646
599.036 249.713 349.323 15.713 -5.540 4.633
600.252 250.315 349.936 16.356 -5.858 4.640
604.918 249.148 355.770 17.106 -6.179 4.748
602.480 249.511 352.969 17.768 -6.506 4.757
587.103 250.528 336.576 18.318 -6.782 4.754
567.964 250.487 317.477 18.815 -7.009 4.796
559.303 249.495 309.808 19.530 -7.340 4.850
549.536 250.693 298.843 20.435 -7.802 4.831
549.484 250.126 299.358 21.157 -8.124 4.909
543.726 250.419 293.307 22.282 -8.683 4.917
543.873 249.012 294.860 23.555 -9.267 5.022
539.072 250.368 288.704 24.670 -9.831 5.008
529.480 249.280 280.200 25.858 -10.399 5.061
604.918 249.148 355.770 17.106 -6.179 4.748
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Consolidated-drained triaxial compression test No. 3: Soil 45-55, vertical specimen,
σ′c = 250 kPa, e0 = 0.71, ec = 0.64, and ϕ′ = 26.20◦.

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

249.831 249.726 0.105 0.034 -0.006 0.022
268.985 249.741 19.243 0.079 -0.005 0.070
290.057 249.882 40.175 0.202 -0.014 0.175
308.763 250.463 58.301 0.337 -0.021 0.294
326.895 250.276 76.619 0.504 -0.038 0.428
342.574 250.314 92.260 0.681 -0.059 0.564
359.075 250.203 108.872 0.891 -0.101 0.690
375.254 250.066 125.189 1.115 -0.145 0.825
391.735 250.014 141.721 1.362 -0.203 0.957
411.529 250.450 161.079 1.680 -0.271 1.138
429.275 249.838 179.437 2.020 -0.342 1.337
448.753 249.919 198.834 2.424 -0.428 1.568
469.756 250.440 219.315 2.912 -0.556 1.801
484.796 250.228 234.567 3.341 -0.692 1.957
499.316 249.946 249.370 3.847 -0.846 2.155
514.722 250.251 264.471 4.339 -0.981 2.377
528.152 250.328 277.824 4.859 -1.159 2.541
539.623 250.377 289.246 5.407 -1.363 2.680
549.685 250.263 299.422 5.964 -1.573 2.817
561.068 250.605 310.463 6.562 -1.786 2.989
570.784 250.607 320.177 7.214 -2.043 3.128
577.557 250.886 326.671 7.735 -2.259 3.216
583.381 250.884 332.497 8.192 -2.437 3.318
589.916 250.753 339.162 8.748 -2.662 3.424
596.037 250.552 345.486 9.366 -2.926 3.514
573.377 250.669 322.708 9.367 -2.927 3.513
542.330 251.830 290.501 9.350 -2.924 3.502
512.014 252.490 259.525 9.328 -2.918 3.493
482.327 252.284 230.044 9.283 -2.898 3.486
452.519 251.896 200.623 9.232 -2.877 3.478
409.757 251.655 158.102 9.142 -2.835 3.472
449.663 251.432 198.232 9.172 -2.842 3.488



230

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

484.592 250.414 234.178 9.212 -2.852 3.507
514.983 250.390 264.592 9.248 -2.861 3.527
549.778 250.857 298.921 9.326 -2.886 3.553
585.110 250.364 334.746 9.460 -2.929 3.602
597.956 250.470 347.486 9.686 -3.021 3.644
606.077 250.852 355.226 10.221 -3.256 3.709
609.336 250.575 358.761 10.872 -3.559 3.754
613.586 250.544 363.043 11.558 -3.858 3.842
617.681 250.579 367.102 12.248 -4.163 3.923
620.620 250.473 370.147 13.028 -4.527 3.973
624.059 250.776 373.282 13.727 -4.830 4.067
626.381 250.576 375.806 14.612 -5.245 4.122
628.325 250.174 378.151 15.470 -5.633 4.204
630.580 250.445 380.135 16.252 -5.990 4.272
631.913 251.794 380.120 17.141 -6.433 4.274
633.515 250.076 383.439 17.935 -6.776 4.383
634.900 250.984 383.916 18.847 -7.212 4.423
636.380 250.979 385.401 19.741 -7.636 4.469
636.699 250.833 385.866 20.459 -7.966 4.528
636.865 250.641 386.224 21.308 -8.379 4.551
640.165 251.505 388.660 21.988 -8.693 4.602
640.405 251.746 388.659 22.693 -9.022 4.649
639.792 251.506 388.286 23.445 -9.402 4.641
642.304 251.381 390.922 24.188 -9.743 4.702
642.020 250.622 391.398 24.926 -10.099 4.728
644.404 252.203 392.200 25.537 -10.400 4.736
646.629 250.596 396.033 26.173 -10.691 4.791
646.458 250.487 395.972 26.850 -11.023 4.803
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Consolidated-drained triaxial compression test No. 4: Soil 45-55, horizontal specimen,
σ′c = 250 kPa, e0 = 0.70, ec = 0.63, and ϕ′ = 27.17◦.

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

250.513 250.421 0.092 0.033 -0.001 0.031
270.771 250.463 20.308 0.133 -0.002 0.129
292.282 250.495 41.787 0.398 -0.021 0.356
313.025 250.526 62.499 0.682 -0.040 0.601
335.294 250.549 84.745 1.046 -0.094 0.859
353.006 250.442 102.563 1.356 -0.144 1.068
371.304 250.203 121.100 1.706 -0.207 1.293
389.010 250.298 138.712 2.031 -0.257 1.518
409.279 250.368 158.911 2.428 -0.332 1.763
431.960 250.559 181.401 2.938 -0.459 2.021
448.910 250.215 198.695 3.414 -0.613 2.188
469.423 250.069 219.354 3.924 -0.750 2.424
488.511 250.255 238.256 4.408 -0.882 2.643
505.651 250.439 255.212 4.907 -1.042 2.822
520.629 250.096 270.533 5.405 -1.224 2.957
535.044 250.297 284.747 5.870 -1.365 3.139
552.272 250.742 301.530 6.439 -1.545 3.348
568.329 250.477 317.852 7.171 -1.838 3.494
581.753 250.435 331.317 7.897 -2.123 3.651
552.467 250.726 301.741 7.890 -2.116 3.657
523.541 251.173 272.368 7.865 -2.102 3.661
491.896 251.564 240.331 7.848 -2.091 3.666
457.991 251.428 206.563 7.812 -2.071 3.670
423.920 250.572 173.348 7.773 -2.049 3.676
392.129 250.427 141.702 7.724 -2.019 3.687
430.350 250.478 179.872 7.737 -2.019 3.699
458.766 250.492 208.274 7.756 -2.023 3.710
490.704 250.468 240.236 7.781 -2.029 3.724
523.894 250.590 273.303 7.825 -2.044 3.737
552.554 250.624 301.930 7.866 -2.057 3.751
577.367 250.598 326.769 7.971 -2.099 3.773
586.859 250.737 336.121 8.101 -2.154 3.793



232

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

591.609 250.847 340.763 8.236 -2.211 3.814
596.677 250.690 345.986 8.530 -2.345 3.841
603.395 250.728 352.667 8.991 -2.547 3.897
613.386 250.657 362.729 9.599 -2.791 4.017
623.121 250.849 372.271 10.284 -3.080 4.125
631.318 250.875 380.444 11.136 -3.464 4.208
639.835 251.150 388.685 11.963 -3.823 4.317
646.126 251.190 394.937 12.904 -4.257 4.391
650.324 250.848 399.475 13.681 -4.609 4.462
655.735 251.198 404.536 14.706 -5.089 4.528
659.238 251.117 408.121 15.778 -5.589 4.600
661.795 251.864 409.931 16.954 -6.158 4.638
662.362 250.904 411.458 17.843 -6.578 4.687
665.077 250.987 414.090 18.851 -7.057 4.737
664.951 252.770 412.181 19.700 -7.474 4.751
664.118 251.272 412.846 20.614 -7.918 4.778
666.915 252.586 414.329 21.475 -8.359 4.757
670.582 250.988 419.594 22.321 -8.746 4.829
671.304 251.615 419.689 23.180 -9.181 4.818
670.087 250.685 419.402 24.233 -9.689 4.854
668.299 251.592 416.706 25.178 -10.158 4.862
669.879 251.573 418.306 26.015 -10.558 4.900
673.086 251.216 421.870 26.866 -10.964 4.937
672.873 252.305 420.569 27.412 -11.258 4.897
672.128 250.970 421.158 27.983 -11.521 4.941
671.620 250.622 420.999 28.631 -11.826 4.979
672.394 251.379 421.015 29.131 -12.081 4.968
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Consolidated-drained triaxial compression test No. 5: Soil 24-76, vertical specimen,
σ′c = 250 kPa, e0 = 0.53, ec = 0.48, and ϕ′ = 36.03◦.

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

251.482 251.465 0.017 0.005 0.001 0.008
273.446 251.001 22.445 0.028 0.002 0.031
295.932 251.240 44.692 0.059 0.008 0.074
325.509 251.152 74.357 0.125 0.017 0.160
354.859 251.938 102.921 0.218 0.027 0.271
384.169 251.685 132.484 0.321 0.038 0.396
411.495 252.256 159.239 0.444 0.037 0.517
440.143 252.127 188.016 0.593 0.034 0.661
470.098 252.442 217.656 0.763 0.028 0.819
493.923 252.503 241.420 0.922 0.017 0.957
524.644 251.888 272.757 1.161 0.001 1.163
553.563 252.194 301.369 1.407 -0.025 1.356
584.074 251.596 332.478 1.711 -0.073 1.565
617.694 252.090 365.604 2.131 -0.167 1.797
643.495 252.075 391.419 2.478 -0.246 1.986
666.792 251.163 415.629 2.882 -0.347 2.187
690.290 251.549 438.741 3.303 -0.468 2.367
720.103 250.834 469.269 3.934 -0.675 2.584
744.295 250.939 493.356 4.573 -0.891 2.790
764.050 251.422 512.628 5.093 -1.085 2.923
787.278 253.106 534.171 5.753 -1.342 3.068
798.215 251.449 546.766 6.414 -1.604 3.205
761.221 251.433 509.788 6.399 -1.594 3.210
715.497 251.140 464.357 6.384 -1.585 3.214
674.391 250.888 423.502 6.368 -1.575 3.218
634.312 251.337 382.975 6.356 -1.566 3.223
592.848 251.333 341.515 6.337 -1.554 3.230
536.035 251.096 284.940 6.303 -1.530 3.243
482.714 251.735 230.979 6.262 -1.500 3.263
539.438 251.248 288.190 6.291 -1.507 3.277
596.251 251.701 344.550 6.309 -1.510 3.288
637.782 251.351 386.431 6.329 -1.517 3.295



234

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

677.119 251.490 425.629 6.349 -1.525 3.300
711.150 252.033 459.117 6.364 -1.530 3.304
750.902 251.796 499.105 6.403 -1.547 3.310
794.566 251.621 542.945 6.499 -1.590 3.319
809.037 252.151 556.886 6.622 -1.646 3.330
820.500 252.440 568.061 6.893 -1.766 3.361
830.392 252.277 578.115 7.348 -1.959 3.430
839.889 252.153 587.735 7.923 -2.202 3.520
854.710 251.681 603.028 8.570 -2.480 3.610
870.628 252.390 618.238 9.371 -2.832 3.706
883.504 252.144 631.360 10.186 -3.195 3.797
900.105 252.659 647.445 11.072 -3.594 3.885
905.031 251.589 653.442 11.861 -3.954 3.953
920.650 251.002 669.648 12.863 -4.414 4.035
928.089 250.999 677.091 13.928 -4.911 4.107
943.877 251.778 692.098 15.100 -5.460 4.180
949.181 251.215 697.966 15.781 -5.783 4.216
962.448 252.757 709.692 16.700 -6.215 4.271
966.194 253.058 713.136 18.297 -6.977 4.342
965.162 252.444 712.718 19.501 -7.558 4.386
966.711 252.219 714.492 20.607 -8.084 4.438
969.647 251.388 718.259 21.179 -8.362 4.455
961.081 250.378 710.702 22.124 -8.824 4.476
962.254 251.096 711.158 23.353 -9.413 4.527
945.767 250.493 695.273 24.655 -10.050 4.555
944.413 250.411 694.002 25.543 -10.479 4.585
940.922 251.475 689.447 26.609 -10.998 4.614
941.667 250.550 691.117 27.673 -11.515 4.642



235

Consolidated-drained triaxial compression test No. 6: Soil 24-76, horizontal specimen,
σ′c = 250 kPa, e0 = 0.53, ec = 0.48, and ϕ′ = 35.91◦.

σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

251.343 251.164 0.179 0.005 0.001 0.007
271.961 250.802 21.159 0.054 0.001 0.056
293.444 250.804 42.640 0.169 0.015 0.198
309.141 250.820 58.321 0.279 0.024 0.328
327.157 251.288 75.869 0.419 0.026 0.471
344.175 251.414 92.761 0.546 0.032 0.610
363.517 251.862 111.655 0.722 0.024 0.770
380.768 251.906 128.862 0.888 0.014 0.915
402.992 251.961 151.031 1.092 0.008 1.108
429.093 251.674 177.420 1.353 -0.006 1.342
454.432 251.561 202.872 1.622 -0.026 1.569
484.786 251.404 233.382 1.987 -0.080 1.827
520.350 252.730 267.620 2.410 -0.156 2.098
548.474 252.423 296.051 2.800 -0.237 2.326
577.320 252.153 325.166 3.240 -0.332 2.576
606.491 253.096 353.395 3.698 -0.452 2.794
644.061 253.904 390.156 4.318 -0.631 3.056
662.136 253.706 408.431 4.649 -0.733 3.183
686.283 252.756 433.527 5.187 -0.911 3.365
718.244 252.511 465.733 5.875 -1.144 3.587
747.524 252.665 494.860 6.478 -1.364 3.750
762.962 251.713 511.249 7.026 -1.571 3.883
779.856 251.434 528.421 7.541 -1.770 4.000
796.225 251.159 545.066 8.037 -1.970 4.096
813.733 251.559 562.174 8.714 -2.252 4.209
769.882 251.110 518.772 8.712 -2.250 4.212
718.676 250.742 467.934 8.706 -2.245 4.216
666.083 250.683 415.400 8.693 -2.237 4.219
615.200 251.007 364.192 8.669 -2.222 4.225
563.442 251.008 312.434 8.652 -2.208 4.236
498.789 250.895 247.894 8.602 -2.174 4.254
560.328 250.739 309.589 8.630 -2.181 4.267
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σ′1 σ′2 = σ′3 σ1 − σ3 ε1 ε2 = ε3 εv
kPa kPa kPa % % %

614.768 251.273 363.495 8.651 -2.188 4.275
670.926 251.095 419.831 8.665 -2.192 4.281
716.267 250.965 465.302 8.693 -2.204 4.285
764.709 251.306 513.403 8.722 -2.216 4.291
797.552 251.030 546.522 8.777 -2.241 4.295
823.129 252.189 570.940 8.968 -2.326 4.316
842.131 251.381 590.750 9.651 -2.635 4.381
855.141 251.166 603.975 10.448 -2.991 4.465
874.666 249.972 624.695 11.362 -3.406 4.549
884.335 250.562 633.773 12.151 -3.773 4.605
904.382 251.964 652.417 13.163 -4.242 4.680
913.121 250.696 662.426 14.237 -4.753 4.730
930.793 251.357 679.436 15.437 -5.324 4.789
931.942 250.566 681.375 16.368 -5.779 4.810
942.889 252.990 689.898 17.107 -6.130 4.847
950.992 252.845 698.147 17.875 -6.508 4.859
951.094 251.608 699.485 18.636 -6.884 4.867
955.919 251.203 704.716 19.418 -7.521 4.895
959.280 251.469 707.811 20.209 -7.655 4.898
957.855 250.295 707.560 21.171 -8.133 4.904
963.779 253.031 710.748 21.986 -8.531 4.924
963.063 251.573 711.491 22.822 -8.946 4.930
958.822 251.830 706.992 23.489 -9.275 4.939
968.264 252.753 715.511 24.346 -9.692 4.963
960.036 250.215 709.821 25.149 -10.094 4.961
965.430 251.942 713.488 25.933 -10.476 4.982
965.461 250.062 715.398 26.721 -10.868 4.985




