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ABSTRACT
A systematic study was undertaken to assess the effects of the magnitude and nature of
principal stress rotation on the cyclic resistance of sands. Fraser River sand specimens
reconstituted using water pluviation were subjected to cyclic loading at a given CSR but with
different magnitudes of stress rotation (οߙఙ ) about different initial inclinations (ߙఙ ). Most of
the tests were conducted at plane strain conditions and a limited number under axisymmetric
conditions.
Test results over a range of ߙఙ and οߙఙ indicate that that the weakest cyclic resistance at
a given initial ߙఙ always correspond to Ͷͷι stress rotation, and for a given magnitude of stress
rotation (fixed οߙఙ ) the liquefaction resistance generally depends on the magnitude of the
torsional shear stress applied on the horizontal plane. These tests indicate that in addition to the
orientation of the major principal stress (which is recognized in the literature), the magnitude and
time history of the shear stress on the bedding plane (not considered in the literature) plays a
critical role in the cyclic strength of the soils.
A limited number of experiments were carried out to investigate the applicability of the
Skempton & Henkel pore pressure formulations for generalized 3D initial stress states.
Skempton’s pore pressure parameter formulations for isotropic material have been extended to
cross anisotropic materials, and it was shown that the principles are applicable even for cross
anisotropic materials under generalized initial loading conditions. Further, it is shown that shear
induced excess pore water pressure decreases with the magnitude of initial shear stress (i.e.,
inversely related to ݇ ) and increase with the inclination of the major principal stress with respect
to the deposition direction.
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1. INTRODUCTION
1.1 LIQUEFACTION PHENOMENON
The behaviour of granular soils during undrained loading is of practical interest in the field
of geotechnical engineering, especially due to the likelihood of liquefaction. During undrained
loading granular material tends to contract and causes an increase in pore pressure, thus
decreases the effective stress. In the worst case scenario, a soil at an initially stable solid state,
might lose all or most of the effective stress, and might behave as a liquid, and hence the term
liquefaction.
Loose to moderately dense granular soils, such as silty sand or sands and gravels which
contains impermeable sediments, are most vulnerable to liquefaction because of their low
permeability. Liquefaction may also occur in granular soils of high permeability but under
earthquake loading. The effective stresses decrease as a consequence of the increase in pore
pressure due to shear loading, and this reduces the shear strength and softens the soil stratum
which causes progressively larger and potentially catastrophic deformations. If the earthquake
loading continuous even after the initiation of liquefaction it may cause excessive deformation,
or even if the earthquake loading has terminated prior to the triggering of liquefaction, loss of
shear strength when accompanied with the presence of static shear stresses may cause large shear
deformations or flow failures on a sloping ground. Moderately dense to dense materials may
cause large deformations because of the limited softening and increased shear strains but the
flow failure is prevented because of the dilative tendency associate with them during shear. In
moderately dense materials cyclic mobility may develop as a continuation of the limited
softening if adequate number of cycles were present. Liquefaction manifests in different forms
1

in-situ: Lateral spreading can occur in relatively level ground, and flow failures and large
deformations in sloping grounds. Loose soils compact and undergo reconsolidation and this
causes excessive settlements in ground. The process of dissipating excess pore water pressure
leads to sand boils on the surface in many cases.
Liquefaction has been observed in earthquakes for many years. In fact, written records
dating back hundreds of years describe earthquake effects that are now known to be associated
with liquefaction (1891 Mino-Owari, 1906 San Francisco, 1940 Fukai). Nevertheless,
liquefaction has been so widespread and caused extensive damage in a number of recent
earthquakes that it is often associated with them. Some of those earthquakes which induced
extensive damage due to liquefaction failure are 1964 Alaska, 1964 Niigata, 1989 Loma Prieta,
1995 Kobe and the 2011 Christchurch earthquakes.

1.2 EVALUATING LIQUEFACTION SUSCEPTIBILITY
Even though the characterization of liquefaction susceptibility is often based on empirical
relationships in current practice (Seed et al. 1985), the basic understanding of this phenomenon
and the effects of various factors controlling it have been derived from controlled laboratory
experiments. These experimental studies have provided several insights into this phenomenon by
systematically assessing the effects of individual variables. A better understanding of the
mechanisms leading to soil liquefaction, and factors affecting it are critical for confident designs.
Laboratory characterization of soil behaviour is commonly carried out using conventional
soil testing devices. Unfortunately conventional laboratory devices such as the triaxial and
simple shear do not completely represent the loading conditions in-situ except at certain loading
scenarios because loading imposed by these devices commonly ignore the effect of intermediate
principal stress and principal stress direction or rotation. This is especially the case when loading
2

is due to an earthquake. In addition, the nature of principal stress rotation in some of these
devices may be completely different compared to that of in-situ. Therefore, reliable assessment
of soil behaviour by laboratory testing requires the ability to independently control the direction
of the principal stresses.
Liquefaction potential of sand depends on various state parameters including relative
density, soil fabric, stress/strain history, initial stress state and loading path. The initial stress
state and loading paths are commonly characterized by the following derived stress parameters
x Deviatoric stress ߪௗ ൌ  ߪଵ െ ߪଷ
ᇱ
ൌ  ሺߪଵᇱ  ߪଶᇱ  ߪଷᇱ ሻȀ͵
x Effective mean normal stress ߪ

x Intermediate principal stress parameter ܾఙ ൌ ሺߪଶ െ ߪଷ ሻΤሺߪଵ െ ߪଷ ሻ
x Inclination of major principal stress with vertical ߙఙ

1.3 MOTIVATION FOR THE RESEARCH USING HCT DEVICE
Triaxial shear equipment is the most common geotechnical testing device, but it limits the
intermediate principal stress parameter ܾఙ and the inclination of major principal stress with
vertical ߙఙ to specific combinations. Major principal stress ߪଵ is always oriented along the
vertical direction, and ߪଶ ߪଷ are always equal to the applied cell pressure in a triaxial
compression test. Thus, the intermediate principal stress parameter ܾఙ ൌ Ͳ and the inclination of
major principal stress with vertical ߙఙ ൌ Ͳ. On the other hand during triaxial extension testing
ܾఙ ൌ ͳ and ߙఙ ൌ ͻͲι since ߪଵ ߪଶ are equal and applied by the cell pressure and ߪଵ is always
oriented along the horizontal direction. During a cyclic triaxial test both intermediate principal
stress parameter ܾఙ and inclination of major principal stress with vertical ߙఙ are switched
instantaneously from triaxial compression mode to triaxial extension mode or verse visa when
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cyclic shear stress amplitude exceeds static shear stress. But such a sudden jump of principal
stress directions is not common during in-situ loading.
The simple shear device simulates the actual field loading conditions during an earthquake,
where the response under vertically propagating shear waves is of critical concern, fairly well.
But it does not permit control over the intermediate principal stress parameter, and ܾఙ is always
about 0.4 in simple shear because of the enforced plain strain condition. On the other hand the
simple shear device is capable of rotating the principal stress direction smoothly during shearing
but range of rotation is limited to േͶͷιon either side of the vertical direction, and the manner of
rotation is uncontrollable.
Above mentioned limitations associated with conventional laboratory devices have
motivated the researchers to develop more versatile devices in geotechnical testing. True triaxial,
directional shear cell (DSC) and hollow cylinder torsional shear (HCT) devices represent
improvements of the triaxial and simple shear devices. Even though HCT was developed many
years ago it has not been used frequently because of the complexities associated with the
configuration and the testing methods. The HCT devices have the capability to control four
tractions such as vertical load, inner pressure, outer pressure and torque applied on the horizontal
plane independently. Independent control of four surface tractions allow the control of three
principal stresses and the inclination of the major principal stress facilitating soil testing under
generalized loading.
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Fig. 1.1 Limiting equilibrium stress state beneath an embankment

Fig. 1.2 Rotation of principal stresses in a soil element of level ground during shear wave
propagation (After Logeswaran 2010)
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The stress state of a soil element mainly depends on the geometry of the soil structure and
the nature of applied load. Fig 1.1 shows the direction of principal stresses on the element along
a potential failure surface in an embankment. The direction of major principal stress is oriented
along the vertical at the top of the failure surface and along the horizontal direction at the toe of
the slope. The inclination of the major principal stress gradually changes along the failure
surface as illustrated in Fig 1.1. Fig 1.2 shows the direction of principal stresses on the element
in the level ground when a cyclic shear wave propagates through the soil element. During the
propagation of cyclic shear wave the soil element experiences different magnitude of shear
stresses. Depending on the magnitude of shear stress applied on the soil element the principal
stresses act in different directions compared to the initial principal stress directions (i.e. principal
stresses rotate during cyclic loading).
Few researchers (Symes et al. 1985; Uthayakumar, 1995; Sivathayalan, 2000; Logeswaran,
2010 and Manmatharajan, 2011) have studied the undrained behaviour of soils under principal
stress rotations using HCT device. Those studies based on laboratory experiments were limited
in the scope and several gaps exist in the current state of knowledge. Thus, further systematic
studies are needed to better understand the undrained behaviour of soils subjected to principal
stress rotation.

1.4 OBJECTIVES OF THE RESEARCH
The main objective of this research is to study the effect of the magnitude and the nature of
principal stress rotation on cyclic liquefaction resistance of Fraser River sand under plane strain
condition using the hollow cylinder torsional shear (HCT) device. This research studied the
principal stress rotation phenomenon in a comprehensive way by considering several possible
scenarios which may be expected during an earthquake in the field. Since most soil liquefaction
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related studies are from triaxial and simple shear devices, a better and generalized understanding
about the effect of principal stress rotation is necessary in order apply the results from triaxial
and simple shear test confidently.
As a part of the research program evaluating the behaviour of soils under generalized three
dimensional loading conditions, a limited number of experiments were carried out in order to
investigate the applicability of Skempton’s hypothesis on pore pressure generation due to
undrained loading for a more general anisotropic material at a variety of initial stress states.
Originally Skempton’s equation for pore pressure generation was developed from the test results
of axisymmetric triaxial compression. Specifically a set of experiments were conducted on
anisotropically consolidated specimens with different inclination of principal stress to analyse
the behaviour of Skempton’s B value during a hydrostatic loading. In addition, another set of
experiments were carried out on anisotropically consolidated specimen with different inclination
of principal stresses to study the behaviour of Skempton’s A and Henkel’s a values during a nonhydrostatic loading.

1.5 ORGANIZATION OF THE THESIS
A brief description about the practical relevance with examples of liquefaction case
histories are presented in this chapter. In addition this chapter noted the need for the proposed
research. Following this chapter, a review of the state-of-the-art knowledge about the anisotropy
of the sand, the current understanding about the undrained behaviour of sands under static and
cyclic loading, and recent findings about the behaviour of sands under principal stress rotation
and pore pressure generation in soils during undrained loading are discussed in chapter 2.
Chapter 3 presents a brief description of conventional soil testing devices such as triaxial
and simple shear, and a detailed discussion about the versatile hollow cylinder torsional shear
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apparatus which was used to carry out the necessary laboratory experiments for this research.
Chapter 4 details the properties of the material used for the experimental work and the
techniques of specimen preparation and test procedure.
Chapter 5 presents the results from the experiments, which were carried out in order to
study the effect of initial principal stress direction and the principal stress rotation on the
undrained behaviour of sand, which is the major part of this research program. In addition
chapter 6 presents the results from the limited number of experiments used to study the pore
pressure generation and behaviour of sand along different total stress paths from the specimens
which were in different initial stress state. Finally chapter 7 summarizes the research findings,
and presents the conclusions drawn from the comprehensive research program.
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2.

LITERATURE REVIEW

2.1 INTRODUCTION
The current state-of-the-art knowledge about the undrained behaviour of sands is presented
in this chapter. The emphasis has been placed on the nature of anisotropy, effects of principal
stress directions and rotation, and excess pore pressure generation. Following the initial review
of anisotropy, the current state of the knowledge about the behaviour of sand under static and
cyclic undrained loading is discussed in the second part of the chapter.
A significant amount of research effort has focused on understanding the fundamental
knowledge about undrained behaviour of sands (e.g., Ishihara et al., 1975; Castro 1969;
Mohamad and Dobry, 1986; Vaid et al., 1989; Lade, 1992). Undrained state is considered as
critical state in soil mechanics because it increases the excess pore water pressure which
decreases the effective stress in the soil and might significantly reduce the shear strength of
saturated cohesionless soils. Most of the understanding of the undrained behaviour of sands has
been derived from controlled laboratory testing under different conditions. At the end of this
chapter a critical review of methods available in the literature to quantify the excess pore water
pressure development during the undrained loading of soils is discussed.

2.2 ANISOTROPY IN SANDS
Several studies have shown the existence of anisotropy in soils (Kjellman, 1936; Parkin et
al., 1968; Oda, 1972; Yamada and Ishihara, 1979). The existence of anisotropy is easily revealed
by direction dependent mechanical behaviour of soils. The anisotropy due to the formation
process of soils has been called “inherent anisotropy” and the anisotropy formed by the shearing
process has been called “induced anisotropy”.
9

Kjellman (1936) and Parkin et al. (1968) noticed unequal strains in all three principal
directions during a hydrostatic compression. Oda (1972) explained the existence of anisotropy in
sands with non-spherical particles using his observation that the preferred orientation of
longitudinal axis is along the plane of deposition and the direction of contact normals. Oda
(1981) also noted that anisotropy in spherical particles occurs due to the directions of contact
normals.
Yamada and Ishihara (1979) and Lade and Wasif (1988) reported the existence of cross
anisotropy in sands using true triaxial tests that permit measurements along all three principal
directions. Stokoe et al. (1985) confirmed the existence of cross anisotropy by measuring the
shear wave velocity in horizontal and vertical planes. The result of the experiments carried out
by El-Sohby and Andrawes (1972) and Sayao (1989) show unequal radial and axial strains
during hydrostatic compression, but equal radial and tangential strains. This is a reflection of the
existence of cross anisotropy. Haruyama (1985) showed that the reconstitution technique of
water pluviation leads to an inherently cross anisotropic structure using cubical triaxial tests.
In cohesionless granular soils, the spatial arrangements of solid particles progressively
change during deformation. This change in soil may gradually increase the degree of anisotropy;
such phenomenon has been called induced anisotropy. Oda et al. (1985) found that during
shearing contact normals tends to align along the major principal direction and the longitudinal
axis tends to align along the minor principal direction. Further, Oda et al. (1985) demonstrate
that the degree of induced anisotropy is significantly influenced by the initial inherent
anisotropy. Induced anisotropy during stage loading tests can be considered inherent anisotropy
for the following stage of loading. (Wong and Arthur, 1985)
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2.3 UNDRAINED MONOTONIC BEHAVIOUR OF SAND
Several studies have considered the undrained response of soils to be the most critical
since excess pore water pressure development during loading causes a reduction in the effective
confining stresses, and thus leads to a reduction of the strength in saturated sands. This can cause
excessive deformation and/or settlement. Soil liquefaction is a phenomenon, in which strength
and stiffness of saturated granular soils are reduced by earthquake shaking or other means of
rapid loading under undrained condition. The reduction of strength of saturated granular soil is
explained by generation of significant level of excess pore water pressure during liquefaction,
and the strength can potentially reach near zero or negligible levels.
Monotonic (static) undrained behaviour of saturated sands has been widely studied under
triaxial loading conditions (e.g. Castro, 1969; Lee and Seed, 1980; Chern, 1985; Vaid and
Thomas, 1994). Three different types of stress strain behaviour have been observed in these
studies depending upon the initial state of the soil as shown in Fig 2.1. It has been noted that
there is a distinct relationship between the types of behaviour and the relative density of the
specimen. For identical specimens increasing the relative density from the loose state to dense
state will move the soil response from type 1 to type 3.
Loose specimens or specimens subjected to high confining stress collapse at small strain
level (after reaching a peak shear stress state) and fail rapidly to mobilize large strains in Type 1.
In this type of response the strength of soil specimen will increase up to a peak point and
continue to decrease until it reaches a constant value. The ultimate deformation at the constant
normal stress and shear stress and constant void ratio has been referred to as steady state (SS) of
deformation or flow deformation.
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Fig. 2.1 Characteristic response of sand under undrained static loading (After Chern 1985)
Castro (1969) called this strain softening type of response as “liquefaction” whereas
Casagrande (1975) and Seed (1979) referred as “flow liquefaction”. Chern (1985) however
coined the term “true liquefaction” in order to differentiate it from Type 2 response. The pore
water pressure tends to increase continuously until it reaches a steady state value and remain
unchanged during the flow deformation. The flow deformation occurs at a fixed point in the
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effective stress space (i.e., constant shear stress, effective normal stress and pore pressure) for a
given density. The locus of such points produced by specimens with different density is called
the steady state line.
The medium dense specimen initially shows similar behaviour as the loose specimen in
that it reaches a peak, and then strain softens. However, the initially contractive and strain
softening behaviour of soil is transformed into dilative and strain hardening behaviour upon
reaching moderate levels of strain as shown in Fig. 2.1. In this type of response the strength of
the soil specimen will increase until reaching a peak state and following the peak state the
specimen starts to lose the strength until it reaches a minimum strength and subsequently starts to
regain the strength. This kind of response has been called “limited liquefaction” by Castro (1969)
and Chern (1985) and “partial liquefaction” by Lee and Seed (1967). Ishihara et al. (1975)
named the minimum strength state as Quasi Steady State (QSS) since it looks like a transient
steady state similar to Type 1. It has been demonstrated that QSS can be treated as a state where
a limited amount of deformation occurs under constant stress and void ratio. The pore water
pressure tends to increase continuously until reaches the QSS and start to decrease afterwards
and that point in the stress path called as phase transformation line.
The dense specimen shows the Type 3 strain hardening response in which strength of the
specimen continues to increase even though initially a small contractive behaviour is often noted.
In terms of pore water pressure generation, specimen shows a positive pore water pressure
during the contractive behaviour for a small strain range and thereafter large negative pore water
pressures develop. So a dense specimen may shows contractive behaviour for initial small strain
range and dilative behaviour at large strain level with a large shear strength, potentially even
larger than the drained shear strength.
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While the relative density of the material is readily recognized to control the type of
response, in reality the characteristic response of a sand depends on soil fabric, initial stress state
(confining stress, shear stress) and loading mode, in addition to the relative density. It is shown
that at identical initial void ratio – effective stress state, the undrained behaviour is profoundly
affected by the fabric that ensues upon sample reconstitution (Vaid and Sivathayalan, 2000). At a
given loading mode, an increase in relative density may transform the undrained response of
sand from type 1 to type 3 (Vaid and Thomas, 1995; Vaid and Sivathayalan, 1996; Uthayakumar
and Vaid, 1998). Increasing the confining stress while keeping other initial state variables
constant may induce more contractive response (Vaid and Thomas, 1995; Vaid and Sivathayalan,
1996; Uthayakumar and Vaid, 1998). An increase in the static shear stress at constant confining
stress promotes strain softening, despite a potential increase in relative density (Bishop 1966;
Vaid and Thomas 1995; and Vaid and Sivathayalan, 2000).
The loading mode is generally characterized by the inclination of the major principal stress
(ߙఙ ) with specimen axis or the deposition direction. The TC and TE responses of loosest
deposited Fraser River sand subjected to a range of confining stress has shown that the TC
response is dilative, even for the loosest accessible state. In contrast, the TE response is strain
softening over a range of initial states (Vaid and Sivathayalan, 2000). Uthayakumar and Vaid
(1998) showed that at given initial state, a gradual transformation of the response of Fraser River
sand occurs from dilative to strain softening, reflecting the influence of ߙఙ as it increase from
zero to 90o.
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2.4 UNDRAINED CYCLIC BEHAVIOUR OF SAND
Cyclic loading will be induced during earthquakes and applied on in situ soils. The
potential for liquefaction during cyclic loading is much higher than that during monotonic
loading since only contractive soils can ‘liquefy’ under monotonic loading, but both contractive
and dilative sands may liquefy under cyclic loading. A better understanding of the behaviour of
soils under cyclic undrained loading, and factors that influence liquefaction potential is essential
to safeguard against liquefaction failures. There are similarities in the behaviour of soils during
cyclic and monotonic loading (Castro et al., 1982 and Vaid et al., 2000). Similar to monotonic
behaviour the cyclic behaviour also mainly depends on initial stress state (confining stress level
and initial static shear stress level), relative density of soil specimen (void ratio), loading mode
and fabric. Under otherwise identical conditions, a denser specimen shows stronger response
compared to a looser specimen. The intensity and the duration of the cyclic loading are also
important, since a progressively increasing number of cycles (in larger earthquakes) may
increase the amount of excess pore pressure generated, and lead to liquefaction, whereas a
smaller earthquake may not produce sufficient number of load cycles to trigger liquefaction.
Vaid and Chern (1985) have demonstrated different strain development mechanisms occur
during cyclic loading depending on the initial state of sand. These include true liquefaction and
limited liquefaction which are similar to the monotonic undrained behaviour and cyclic mobility
with or without transient state of zero effective stress. Unlike liquefaction, cyclic mobility causes
strains which are limited in magnitude, but progressively increasing with load cycles. The initial
development of strain is associated with stiffness degradation with cycles of loading. Because of
the different mechanisms that are responsible for the strain development, the results of cyclic
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loading are generally assessed in terms of fixed level of strain developed in a given number of
cycles.
Figure 2.2 shows the stress-strain, strain development and effective stress path plot for
loose sand under cyclic loading which shows contractive strain softening behaviour leading to
true liquefaction. During true liquefaction a sudden increase in pore pressure is accompanied by
sudden development of large axial strain. This type of sand generates flow failure type of
deformation under cyclic loading. The effective stress states at the instant at which the flow
failure type of deformation begins lies on a line called as Critical Stress Ratio (CSR) line by
Vaid and Chern (1985).
The development of strain during cyclic loading is minimal until the soil reaches the CSR
line, once the soil reaches the CSR line soil starts to strain soften and large strain is suddenly
induced in strain softening materials at a nearly constant stress state. This is analogous to the
steady state under monotonic loading where the strength of soil remains at constant level and
unlimited and unidirectional deformation will occur. However, in cyclic loading unloading
pulses in the earthquake time history may lead to large oscillations.
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Fig. 2.2 True liquefaction of sand during cyclic undrained shear (After Vaid and Chern 1985)
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Figure 2.3 shows the stress-strain, strain development and effective stress path plot for
medium dense sand which shows limited liquefaction behaviour under cyclic loading similar to
type 2 response under static loading. Limited liquefaction may be followed by cyclic mobility if
additional stress cycles are applied (Vaid and Chern, 1985). Vaid and Chern, (1985) have
demonstrated that the true liquefaction and limited liquefaction can occur in cyclic loading only
if the cyclic amplitude is larger than the minimum undrained shear strength of material at a given
state.
Dense sand shows strain hardening behaviour and a possibility for liquefaction due to
cyclic mobility if adequate cycles are applied. Cyclic mobility may be accompanied with a
transient state of zero effective stress (Fig. 2.4) that occurs when the amplitude of cyclic shear
stress is higher than the magnitude of static shear stress (or in other words, if stress reversal
occurs during cyclic loading). A transient state of zero effective stress is necessary to develop
large deformations. The unloading pulse upon reaching the phase transformation (PT) state
usually generates large excess pore water pressure, and the effective stress state reaches zero
soon thereafter. On the other hand cyclic mobility may also be accompanied without a transient
state of zero effective stress (Fig. 2.5) that occurs if the magnitude of static shear stress is higher
than the amplitude of cyclic shear stress and with a gradual strain development.
Seed (1979) found that strain development is small until the excess pore pressure ratio
ο௨

(ఙᇱ ) exceeds about 60%. In contractive sands however large strains may develop without high
excess pore pressure. However, a pore pressure ratio of 100% is normally pre requisite for large
strain development due to cyclic mobility.
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Fig. 2.3 Limited liquefaction of sand during cyclic undrained shear (After Vaid and Chern 1985)
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Fig. 2.4 Cyclic mobility in sand during cyclic undrained shear with transient state of zero
effective stress (After Vaid and Chern 1985)
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Fig. 2.5 Cyclic mobility in sand during cyclic undrained shear without transient state of zero
effective stress (After Vaid and Chern 1985)
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2.5 EFFECT OF PRINCIPAL STRESS DIRECTION
As explained earlier, granular soils are inherently anisotropic because of particle
orientation and contact normal distribution. Due to material anisotropy, the behaviour of a
granular material is generally direction dependent. This inherent anisotropy causes the response
of a granular soil to loading dependent on the orientation of principal stresses with reference to
the depositional plane.
Broms and Casbarian (1965) conducted a study of principal stress rotation on clay under
undrained condition using hollow cylinder specimens. The results showed that the continuous
principal stress rotation increased the pore water pressure and decreased the friction angle at
failure and consequently reduced the undrained strength of the soil.
Symes et al. (1984) investigated the anisotropy and the effects of principal stress rotation
in medium-loose sand by testing it under undrained conditions using a hollow cylinder apparatus.
Principal stresses have been rotated at a constant shear stress during both monotonic and cyclic
loading. The experimental observations are described and then explained within a framework
based on the concept of state boundary surfaces (SBS). Pore pressures are shown to be generated
by rotation of principal stress directions at constant shear stress and their accumulation during
cyclic principal stress rotation can lead to failure.
Symes et al. (1988) investigated the effects of principal stress rotation on the drained
behaviour of saturated medium-loose sand using a hollow cylinder apparatus, where the principal
stress directions were rotated both at a constant shear stress and under an increasing shear stress
during drained monotonic loading to failure. The experimental results showed that specimens
loaded along the vertical direction exhibited higher shear strength and initial stiffness and
underwent lower volumetric strain. Increasing inclination of principal stress direction reduced
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initial stiffness and shear strength and increased induced volumetric strain. At constant shear
stress level, rotation of principal stress direction generated volume contraction irrespective of the
sense of rotation but the magnitude of volume contraction was depends on the sense of rotation.
Miura et al. (1986) carried out a series of drained tests on a dense anisotropic sand using
hollow cylinder torsional shear apparatus. The experimental results showed that the shear
deformation of sand due to rotation of principal stress axis is not negligible as compared with
that with fixed principal stress axis. Despite the fact that the three principal stresses were kept
constant, the specimen accumulated contractive strains due to the rotation of principal stress axis.
Even though the specimen contracts under the rotational conditions, under the irrotational stress
condition specimen expands irrespective of the direction of the principal stress axes within the
same stress domain. Above fact suggests that under undrained condition the resistance against
liquefaction will be reduced by rotation of principal stress axes. The manifestation of this under
undrained loading leading to liquefaction at constant principal stresses has indeed been
demonstrated by Sivathayalan and Vaid (2002).
Sayao (1989) studied the drained behaviour under rotation of principal stresses in while
ఙᇲ

ᇱ
ǡ ܴǡ ܾఙ constant, where effective principal stress ratioܴ ൌ ఙభᇲ . The results show that
keeping ߪ
య

the continuous principal stress rotation at constant principal stress magnitudes induce progressive
accumulation of both volumetric contractions and shear distortions. Further, principal stress
rotation may be noted to induce contractive volume changes regardless of whether ߙఙ is
increased or decreased on either side of vertical direction. Volumetric strain tends to be more
significant for increasing phase of ߙఙ than for the decreasing phase with the largest contraction
being associated with the first time increasing rotation phase. Contractive strains become
progressively smaller with further rotation regardless of direction, which imply hardening effects
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due to previous rotations. Both volumetric strain and maximum shear strain induced due to
rotation decrease progressively with increase in relative density. Much larger volumetric and
shear strains were induced in sand at higher confining stresses for a given rotation angle. For a
given ߙఙ both induced volumetric strain and shear strain increased with the level of R. It was
noted that the value of ܾఙ does not appear to influence the strain response of sand to principal
stress rotation in a major way.
Uthayakumar (1995) studied the static undrained behaviour of sand using a HCT device.
The results show that undrained response of loose water-deposited sand is highly dependent on
the loading direction, and sand which is dilative when the major principal stress coincides with
the deposition direction may transform into contractive as the direction of major principal stress
changes from the deposition direction to the bedding plan direction.
Yoshimini et al. (1998) have pointed out that the direction of the principal stress is key
factor in the undrained behaviour of the sand. They carried out undrained monotonic loading
triaxial compression and extension tests on Toyoura sand and observed different shear behaviour
during triaxial compression and extension tests (the shear behaviour was more contractive and
softer in triaxial extension than in triaxial compression). To clarify these effects a series of
undrained shear tests on Toyoura sand was performed by means of hollow cylinder torsional
shear apparatus and the results showed for any density, a larger ߙఙ value, namely larger
inclination of σ1 from the vertical generated greater excess pore water pressure.
Sivathayalan and Vaid (2002) report an experimental study that evaluated the dependence
of the monotonic undrained behaviour of sand on the orientation of principal stresses with
respect to the bedding plane and the initial stress state. The result shows that the rotation of
principal stress directions alone at constant deviator stress causes excess pore pressure
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development and hence an increase in the effective stress ratio, resulting in shear deformation.
Further they have concluded that the susceptibility of sand to liquefaction due to stress rotation
increases as the direction of the major principal stress approaches the orientation of the bedding
plane.
Yang et al. (2007) conducted an experimental investigation in an automated hollow
cylinder apparatus into the undrained anisotropic behaviour of saturated sand in rotational shear,
which is defined as a class of non-proportional loading with a continuous rotation of the
principal stress directions but at a constant deviatoric stress. The result shows that the soil
specimens were weakened by the build-up of pore water pressure during rotational shearing
under undrained conditions. The degree of weakening was dependent on the density of the
specimen, the magnitude of the deviatoric stress and, particularly, the intermediate principal
stress parameter ܾఙ .
Li et al. (2009) showed that a lower stiffness and a more contractive behaviour are
observed when the loading direction deviates further away from the deposition direction or the
previous loading direction. They have studied the monotonic behaviour of granular materials
under different loading in directions, and conducted experiments where the major principal stress
varied from vertical to horizontal at 15o intervals.
Logeswaran (2010) and Manmatharajan (2011) conducted cyclic torsional shear tests using
the hollow cylinder device to assess the influence of the rotation of principal stress on
liquefaction potential. The tests were carried out on hydrostatically consolidated specimens and
major principal stress was allowed to rotate symmetrically about the specimen axis. Both smooth
and jump rotations were imposed on the loosest deposited sand, subjected to a given level of
cyclic stress ratio. The test results clearly indicate that liquefaction resistance is dependent on the
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magnitude of stress rotation, and the lowest resistance was measured when the principal stresses
were inclined at Ͷͷ (jump rotation tests with fixed directions) or rotated between about Ͷͷ to
Ͳ (smooth rotation tests with continuous rotation) to vertical. This behaviour was explained by
the orientation of the plane of maximum shear stress, which is along the horizontal bedding
planes during the Ͷͷ rotation leads to the weakest response. Both of these researchers
concluded that even though the direction of major principal stress is important, and its alignment
along the bedding planes leads to softer response, but its influence is secondary compared to the
orientation of the plane of maximum shear stresses with respect to the bedding plane.

2.6 PORE PRESSURE GENERATION IN SATURATED SOILS
Considerable attention has been directed towards the prediction and measurement of
excess pore water pressure due to changes in the state of stress under undrained conditions. Pore
water pressure generation in a saturated soil during undrained loading significantly influences the
strength of the soil, and it is mainly related to the tendency for volume change during the
application of shear stress.
Contractive volume change tendencies give rise to positive, and dilative tendencies lead to
negative excess pore water pressure generation. The amount of excess pore pressure generated
during undrained loading has been quantified in terms of increments of principal stresses.
Skempton (1954), based on axisymmetric triaxial tests on hydrostatically consolidated
specimens, proposed a relationship to quantify the amount of excess pore pressure generated in a
triaxial compression test in terms of major οߪଵ and minor οߪଷ principal stress increments as

ο ݑൌ ܤሾοߪଷ  ܣሺοߪଵ െ οߪଷ ሻሿ

(Eq. 2. 1)
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Skempton called A and B as pore pressure coefficients, and in current practice these are
widely known as Skempton’s pore pressure parameters. Skempton’s B parameter depends on the
degree of saturation, and A accounts for the shear induced excess pore pressure.
When the loading involves no shear stresses, i.e., for a hydrostatic stress increment
withοߪଵ ൌ οߪଷ ሺൌ ȟߪሻ, the equation simplifies to ȟ ݑൌ ܤȟߪ. Considering elastic compression
of the isotropic soil skeleton and pore fluid Skempton (1954) has shown that

 ܤൌ

ଵ
ଵାሺಷ Τೄೖ ሻ

(Eq. 2. 2)

where, ݊ is the porosity, and ܥி ǡ ܥௌ are the compressibility of the pore fluid and soil skeleton
respectively. Compressibility of the pore fluid is function of the degree of saturation, and in fully
water saturated soils ሺܵ ൌ ͳሻ, the value of ܥி is negligible compared to ܥௌ and thus  ܤൌ ͳ.
ܥௌ in very stiff soils may also be relatively low compared to soft soils, and thus the Skempton’s
B value may fall just below 1 in such soils even if they are fully saturated. The value of B in a
given soil decreases rapidly toward zero when degree of saturation decreases.
The coefficient A has been determined experimentally by several researchers for different
types of soils in the literature at the failure state. Technically, A value can be determined as a
function of shear stress level, but the interest is often in the A value at failure. This is sometimes
termed ܣ in the literature, but often the term A refers to the A value at failure. Skempton has
ଵ

demonstrated that  ܣൌ  ଷ for isotropic elastic materials, but in natural soils  ܣcan take a range of
values.
Application of Skempton’s pore pressure equation without regard to principal stress
rotation and intermediate principal stress has led to some confusion in the literature. Originally,
Skempton’s equation was based only on axisymmetric triaxial compression. It was reviewed by
Skempton (1961) and expressed in terms of absolute values of principal stress difference.
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Attempts have been made by Terzaghi et al. (1996) to generalize Skempton’s approach to
account for three dimensional loading conditions as shown in the equation below, but there have
not been sufficient experimental investigations to confidently determine parameters ܣଵ and ܣଶ to
date, and the practice still relies on the original formulation of Skempton.
(Eq. 2. 3)

ο ݑൌ ܤሾοߪଷ  ܣଵ ሺοߪଵ െ οߪଷ ሻ   ܣଶ ሺοߪଶ െ οߪଷ ሻሿ

The loading mode or the stress path to failure highly influences the magnitude of A for a
given soil other than the composition and structure of the soil. Hence the magnitude and the
behaviour of A cannot be generalized in order to quantify the pore water pressure generation
during undrained shearing to use in effective stress stability analysis. However Table 2.1 gives
typical range of A values at failure for various soils.
Table 2.1 Typical values of A at failure (Das 2008)
Type of soil

A

Clay with high sensitivity

0.75 – 1.5

Normally consolidated clay

0.5 – 1.0

Over consolidated clay

-0.5 – 0

Compacted sandy clay

0.5 - 0.75

The contact materials which trends to develop positive shear induced pore water pressure
during undrained shear loading give positive values for the Skempton’s pore pressure parameter
A. Loose soils tend to collapse during the application of shear stress when they subjected to high
consolidation pressure, hence they yield relatively high Skempton’s pore pressure parameter A.
Moderately over consolidated clays (OCR approximately 4 to 8) may either contract or expands
during undrained shear loading and generally yield approximately zero shear induced pore water
pressure, thus Skempton’s pore pressure parameter A would be close to zero at failure. Heavily
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over consolidated clays and dense sands show dilative tendency during undrained sharing
especially when they are subjected to low effective confining pressure and develop high negative
shear induced pore water pressure, thus their Skempton’s pore pressure parameter A is negative
and rarely less than about -0.3. (Terzaghi et al., 1996). Table 2.2 gives the typical values of A at
failure (=Af) for some normally consolidated clayey soils.

Table 2.2 Values of Af for normally consolidated clays (After Kenney 1959)
Clay

Type

Liquid limit

Plasticity

Sensitivity

Af

index
Natural soils
Toyen

Marine

47

25

8

1.48-1.50

Drammen

Marine

36

16

4

1.2-2.4

Saco River

Marine

46

17

10

0.95

Boston

Marine

-

-

-

0.85

Bersimis

Estuarine

39

18

6

0.63

Chew stoke

Alluvial

28

10

-

0.59

Kapuskasing

Lacustrine

39

23

4

0.46

DecomposedTalus

Residual

50

18

1

0.29

St.Catherines

Till

49

28

3

0.26

London

Marine

78

52

1

0.97

Weald

Marine

43

25

1

0.95

Beauharnois

Till

44

24

1

0.73

Boston

Marine

48

24

1

0.69

Beauharnois

Estuarine

70

42

1

0.65

Bersimis

Estuarine

33

13

1

0.38

Remolded soils

Henkel (1960) has suggested an equation in terms of principal stress increments to express the
excess pore pressure generation in 3-D problems. The equation was based on the stress invariants
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expressed by the sum of square of the difference of principal stress increments and the sum of all
principal stress increments.
ο ݑൌ ቂ

οఙభ ାοఙమ ାοఙయ
ଷ



 ଷ ඥሺοߪଵ െ οߪଶ ሻଶ  ሺοߪଶ െ οߪଷ ሻଶ  ሺοߪଷ െ οߪଵ ሻଶ ቃ

(Eq. 2. 4)

Here,߂ߪଵ, ߂ߪଶ and ߂ߪଷ are the changes of principal stresses and a is pore pressure parameter
depending on soil type, consolidation history, and stress state. Later Henkel and Wade (1966)
have revised the equation and proposed a new equation in terms of pre and post shear principal
stresses to encounter shear induced excess pore pressure.
ο ݑൌ  ቂ

οఙభ ାοఙమ ାοఙయ
ଷ



 ଷ οඥሺߪଵ െ ߪଶ ሻଶ  ሺߪଶ െ ߪଷ ሻଶ  ሺߪଷ െ ߪଵ ሻଶ ቃ

(Eq. 2. 5)

Neither Skempton’s nor Henkel’s formulation consider the potential anisotropic
characteristics of natural soils nor the effect of generalized initial stress states.
The terms οߪଵ andοߪଷ can be interpreted differently; either as the difference between the
major (or minor) principal stress at the initial and final states, or in terms of the stress increment
vector. This is not a cause for concern, if the loading remained triaxial compression, but can lead
to inconsistent definitions when comparing states that represent triaxial compression and
extension loading modes. As a result, inconsistent calculations of Skempton’s A values have
been proposed in the literature (Law and Holtz, 1978). To unify the definition of οߪଵ andοߪଷ,
Law and Holtz (1978) have defined the stress increments as illustrated in Fig. 2.8. In that
approach, the stress increment vectors were used, and algebraically largest increment was
considered as οߪଵ (major component of stress increments) and the algebraically smallest
increment was considered as οߪଷ (minor component of stress increments) regardless of the
original major and minor principal stresses, so that οߪଵ and οߪଷ need not to be in the direction of
ߪଵ and ߪଷ respectively.
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Fig.2.6 Increment of principal stresses in axisymmetric soil element during rotation of principal
stress (After Law and Holtz, 1978)
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3. LABORATORY SOIL TESTING DEVICES
3.1 INTRODUCTION
Liquefaction susceptibly of soils is often assessed using field test data with empirical
correlations, or from laboratory experiments carried out using conventional soil testing devices.
Depending on the significance of the project both field and laboratory test data can be used to
evaluate the potential for liquefaction. In order to have a realistic estimation of the in-situ loading
and response, the laboratory soil testing device should have the ability to (1) apply the initial
stress state prior to the commencement of loading, and (2) follow the stress path that is
anticipated in-situ. The most commonly used soil test, the triaxial test, is not capable of properly
simulating in-situ stress conditions in most cases. The less frequently used simple shear, true
triaxial, and directional shear represent some improvements. But, a hollow cylinder torsional
shear (HCT) device is the most versatile soil testing device. Each device has its own merits and
drawbacks, and no device can be used to simulate actual field conditions with six degrees of
freedom. The triaxial and the simple shear are the most frequently used laboratory soil testing
devices even though they are not capable of applying generalized stress state and loading paths.
HCT is not commonly used because of the complexity associated with it even though it can
apply generalized initial stress states and loading path, and control four independent stress/strain
parameters.
This chapter presents the merits and drawbacks of the fundamental laboratory soil testing
devices such as triaxial and simple shear and details the versatile HCT device since all the
experiments for this research program were carried using that.
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3.2 TRIAXIAL DEVICE
The triaxial device is widely used to evaluate the mechanical properties of soils because
the testing procedure is relatively simple compared to other tests. A cylindrical specimen which
has a height to diameter ratio of two is commonly used for a triaxial test. Usually the triaxial
specimen is sheared by applying a vertical load while keeping the all-around pressure constant.
Triaxial compression tests are more common but triaxial extension test also occasionally carried
out. The triaxial specimen is enclosed within a rubber membrane and restrained at both top and
bottom using end platens that have porous stones to allow drainage of water if/when required.
Two stress components, namely major principal stress ߪଵ and minor principal stress ߪଷ can be
controlled in this test. Irrespective of whether triaxial compression or triaxial extension is carried
out, principal stresses always coincide with vertical and horizontal directions. There is no
predetermined failure plane in triaxial device as in the direct shear device, which always has a
failure plane along horizontal plane. Instead the failure plane in a triaxial test is determined by
material property.
The end restraints used to support the specimen at top and bottom causes non-uniformities
along the specimen and introduces some uncertainty in the interpretation of tests results,
especially at large strains. This problem was studied by many researchers (Taylor, 1948; Bishop
and Green, 1965), and Lade (1982) and showed that the non-uniformities can be minimized by
using an aspect ratio of at-least two. Lubricated end platens have also been used to reduce the
end restraint effects (Rowe and Barden, 1964; Barden and Khayatt, 1966), but this technique is
known to introduce bedding errors (Sarsby et al., 1980).
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Fig 3.1 The stress representation of triaxial in Mohr’s circle
The stress path during a triaxial test can be represented by Mohr’s circle as shown in Fig.
3.1. Whether isotropically consolidated or anisotropically consolidated, the direction of principal
stress will rotate instantaneously by 90o when the axial deviatoric stress changes its direction
during a cyclic triaxial test. Usually the direction of major principal stress is along vertical
direction and minor principal stress is along radial direction during triaxial test, but they will
switch their directions instantaneously when stress reversal occurs. In addition, a triaxial test
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always creates axisymmetric stress state, so two of three principal stresses are always equal. This
kind of axisymmetric condition is not common in the actual field and the jump rotation of 90o in
principal stress directions cannot be expected in the field problems where principal stress rotates
in a smooth manner. These properties limit the nature of stress paths that can be followed by the
specimens and limits the applicability of the triaxial test for the actual field situations.
Another limitation associated with the triaxial device is the inability to control the
magnitude of intermediate principal stress, which is always equal to minor principal stress (ߪଶ =
ߪଷ ) during triaxial compression test and equal to major principal stress (ߪଶ = ߪଵ ) during triaxial
extension test. But in the field most of the geotechnical problems are associated with plane strain
condition in which ߪଶ may be significantly higher than ߪଷ .
In order to overcome the limitations associated with conventional triaxial devices,
researchers have used the true triaxial device with different boundary conditions. In a true
triaxial device, the three principal stresses are controlled independently and thus the influence of
intermediate principal stress on the behaviour of soil may be assessed. However, the inclination
of the principal stress or the manner of rotation of principal stresses cannot be evaluated using a
true triaxial device.

3.3 SIMPLE SHEAR DEVICE
The simple shear device simulates the loading condition in-situ during a vertically
propagating shear wave well. This ability has made this the preferred device for cyclic
liquefaction studies. This device is designed to imposed normal and shear stress on the horizontal
plane on anisotropically consolidated soil specimens. Typically the vertical normal stress,
horizontal shear stress, axial strain and the shear strain are measured during a simple shear test.

35

In practice, there are two types of simple shear devices: the Norwegian Geotechnical Institute
(NGI) type and the Cambridge type. In the NGI type simple shear device, a circular specimen is
laterally confined by a steel reinforced rubber membrane, and in the Cambridge type a cubical
shape specimen is confined by six rigid faces.
Both types of simple shear devices simulate plane strain conditions which is the actual
field condition in most geotechnical engineering problems. Stress non-uniformities arise due to
the lack of complementary shear stress in a simple shear, but these can be minimized by using a
small height to diameter ratio. The wire- reinforced membrane used in the NGI type devices
imposes ݇ை conditions during the application of the vertical load. This enables the simple shear
device to appropriately simulate the in-situ stress state during consolidation. The level ground
conditions are simulated by ݇ை consolidation and the sloping ground stress state can be simulated
by adding a shear stress on the horizontal plane during consolidation. The steel wire reinforced
membrane not only provides ݇ை condition during the consolidation but also restrains lateral
deformation during shear which permits constant volume testing during monotonic and cyclic
shear loading. In simple shear devices horizontal normal stresses are not applied externally, and
are mobilized depending on the constitutive characteristics of the material. Each soil can thus be
tested at its natural state without a need to explicitly specify the horizontal normal stresses. This
is a major advantage compared to triaxial tests, since tests at ݇ை conditions are more
representative of the field.
The cyclic shear stress applied on the horizontal plane in a simple shear test simulates the
actual field stress condition due to a vertically propagating shear wave. The value of simple shear
in the study of soil behaviour in terms of principal stress direction and rotation is limited, but this
device is useful for assessing the cyclic resistance of the soil. Since the undrained tests are
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conducted under constant volume, the pore pressure of the specimen is always atmospheric, and
thus the development of excess pore pressure is actually zero. However, the drop in vertical
normal stress during shearing is equal to the excess pore pressure that would have been
developed (Dyvik et al. 1987).

3.4 HOLLOW CYLINDER TORSIONAL SHEAR DEVICE
The hollow cylinder torsional shear (HCT) device is a versatile laboratory soil testing
equipment, and is used to measure the mechanical properties of soils under generalized stress
state. As the name implies, a hollow cylindrical soil specimen is tested under the application of
internal pressure and torque about the vertical axis, in addition to the external confining pressure
and the axial load which are applied in a triaxial test. Because of the independent control over
these four tractions, this test permits independent control of all three principal stresses
(ߪଵ ǡ ߪଶ Ƭߪଷ ሻ and inclination of the major principal stress with vertical ሺߙఙ ሻ.
3.4.1 Features of the Carleton University HCT device
The HCT device in the advanced geotechnical laboratory at Carleton University is capable
of applying stress path controlled loading tests by controlling axial load, internal pressure,
external pressure and torque about vertical axis on reconstituted sand specimens under
monotonic and cyclic loading conditions. In addition, strain path controlled tests can be
conducted by controlling the axial displacement, radial displacement, inner volume and
specimen volume.
Fig. 3.2 shows a schematic view of the HCT device used for this research program. The
specimen used for the testing has a height of approximately 300 mm with an outer diameter of
150 mm and an inner diameter of 100 mm which results in a wall thickness of 25 mm, a cross
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sectional area of about 100 cm2 and a volume of about 3000 cm3. The reason behind the selection
of such large dimensions is to reduce the level of stress non-uniformities, and improve the
measurement resolutions. A 0.3 mm thick flexible rubber membrane is used to retain the sand
specimen on which the internal and external pressure is applied laterally. The top and bottom of
the specimen is restrained by annular aluminum end platens which are ribbed in the radial
direction in order to ensure proper transfer of the torsional load. The vertical load is applied from
the bottom of the specimen while fixing the top of the specimen, which makes the specimen
preparation easer and eliminate the requirement to correct the vertical load for the weight of the
load cell and the ram. The solid reaction of vertical and torsional load is ensured by the rigid
steel frame attached at the bottom of the specimen. In order to ensure complete drainage of pore
water during drained tests, six small porous stones are evenly placed into the built in cavities of
each end platens (Fig. 3.3).
Nine parameters including four stress components, four strain components and pore
pressure are measured during the test. In order to facilitate proper stress or strain path control
loading the interactive use of a feedback controlled system (data acquisition and control
computer) is necessary. Saturation of the system, noise level in the system and the proper
functioning of transducers are frequently monitored and checked.
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Fig. 3.2 Schematic layout of HCT device at Carleton University (After Logeswaran 2010)
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Fig. 3.3 Porous stones embedded into end platen with radial ribs (After Logeswaran 2010)
3.4.2 Stress and strains in a HCT specimen
The four surface tractions applied to a hollow cylinder specimen, namely the vertical force
ܨ௭ , torque on the horizontal plane ܶ , external pressure ܲ and internal pressure ܲ are used to
determine the specific stress state of the specimen. The stress state imposed on the soil specimen
is considered either in terms of the principal stresses ߪଵ ǡ ߪଶ ߪଷ and their inclination ߙఙ , or in
terms of vertical stress ߪ௭ , tangential stress ߪఏ , radial stress ߪ and shear stress on the horizontal
plane ߬௭ఏ . Fig. 3.4 shows the tractions applied on a soil specimen and the resulting stresses with
the representation of direction of principal stresses. The strains corresponding to the direction of
stresses are represented by vertical strain ߝ௭ , tangential strain ߝఏ , radial strain ߝ and shear strain
ߛ௭ఏ . These stress and strain components are used to calculate principal stress and strains and
inclination of major principal stress/strain with vertical.
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Fig. 3.4 Surface tractions and stress state of a soil element in a HCT specimen
The vertical stress ߪ௭ is directly calculated using the applied vertical load, the components
of internal and external pressure applied in the vertical direction and the cross sectional area.

ߪ௭ ൌ 

ி ାగ൫ ோమ ି ோమ ൯
గ൫ோమ ିோమ ൯

(Eq 3. 1)

The normal stresses ߪఏ , and ߪ and shear stress ߬௭ఏ vary along the thickness of the
specimen. So the average value of normal stresses ߪఏ , and ߪ and shear stress ߬௭ఏ are calculated
to determine the overall response of the soil. The stress state in a thick cylinder subjected to
loading and deformation cannot be solved considering the equilibrium alone, and a knowledge of
the constitutive relationship of the material is required to calculate the values of ߪఏ , ߪ and ߬௭ఏ .
Even though different formulations have been proposed in the literature to determine the average
values of ߪఏ , ߪ and ߬௭ఏ , the one equations noted below proposed by Vaid et al. (1990)
considering force equilibrium and linear elastic isotropic behaviour were used in this study.
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(Eq 3. 2)
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(Eq 3. 3)

(Eq 3. 4)

ଷగ൫ோర ିோర ൯൫ோమ ିோమ ൯

where, ܴ and ܴ are internal and external radius of HCT specimen. ܲ and ܲ are the internal and
external pressures and ܶ is the torque applied on the horizontal plane.
In an HCT specimen, the torsional shear stress is applied about the vertical axis or in other
words in the  ߠݖplane, and thus shear stress along the direction of  ߠݎand  ݖݎis zero. Therefore
plane  ݎbecomes one of the principal planes and normal stress acting on this plane is one of the
principal stresses. Under most loading conditions the stress along direction  ݎis identified as
intermediate principal stress ߪଶ . The magnitude of the major principal stress ߪଵ , and minor
principal stress ߪଷ , and the inclination of major principal stress with vertical ߙఙ can be calculated
from ߪ௭ , ߪఏ and ߬௭ఏ .

ߪଵ ൌ 

ߪଷ ൌ 

ሺఙ ାఙഇ ሻ
ଶ

ሺఙ ାఙഇ ሻ
ଶ

ߙఙ ൌ  ି݊ܽݐଵ ቀఙ

ට

ሺఙ ିఙഇ ሻమ

െට

ఛഇ

 ିఙయ

ቁ

ସ

ሺఙ ିఙഇ ሻమ
ସ

ଶ
 ߬௭ఏ

(Eq 3. 5)

ଶ
 ߬௭ఏ

(Eq 3. 6)

(Eq 3. 7)
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Strain calculations assume linear variation across the wall of the specimen, which is
consistent with the linear elastic response assumed in stress calculations. The following
equations are used to determine the strains.

ߝ௭ ൌ  െ

οு

(Eq 3. 8)

ு
οோ ିοோ

ߝ ൌ  െ ቀ

ߝఏ ൌ  െ ቀ

ߛ௭ఏ ൌ  ൬

ோ ିோ

ቁ

οோ ାοோ
ோ ାோ

(Eq 3. 9)

ቁ

(Eq 3. 10)

ଶοఏ൫ோయ ିோయ ൯
ଷு൫ோమ ିோమ ൯

൰

(Eq 3. 11)

Here,  ܪand ο ܪare height, and change of height of the HCT specimen and οߠ is the angular
displacement. οܴ and οܴ are change of external and internal radius respectively. οܴ is
calculated from the measured value of ο ܪand volume change of inner chamber. οܴ is
calculated from the measured value of ο ܪand volume change of specimen and οܴ .
Similar to the stress calculations the strain components ߝ௭ , ߝ , ߝఏ and ߛ௭ఏ permits the
determination of principal strain ߝଵ , ߝଶ , ߝଷ and the inclination of major principal strain to vertical
ߙఌ .
3.4.3 Loading system of the HCT device
The stress control loading system is simple and allows following the prescribed stress path.
But, the stress controlled loading system does not allow the post peak behaviour to be captured
in strain softening materials, because of the specimen – device interaction together with the
development of run-away strains. So a strain control loading system is essential in order to assess
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the liquefaction potential of loose contractive sands which often strain soften during undrained
loading.
The stress control loading system in the CU HCT device is activated by three ElectroPneumatic (E/P) transducers which convert an analog electrical signal input into output pressure
which varies in the range of 0 to 700 kPa. The three Electro-Pneumatic transducers are connected
to inner pressure chamber (Fig. 3.5), external pressure chamber (Fig. 3.6) and axial load piston
(Fig. 3.7). The torque is applied by two stepper motors mounted at the bottom which apply
pulses until reaching the target torque in a feedback loop controlled by the data acquisition
system (Fig. 3.8).
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Fig. 3.5 Pressure and volume control of inner chamber (After Logeswaran 2010)
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Fig. 3.6 Pressure control of external chamber (After Logeswaran 2010)
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Fig. 3.7 Vertical stress and vertical displacement control (After Logeswaran 2010)
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Fig. 3.8 Vertical and Torsional load applying system (After Logeswaran 2010)
Strain control loading is performed by using three Digital Pressure/Volume controllers
(DPVC) and two torque motors. The three Digital Pressure/Volume controllers are connected to
the vertical loading piston (Fig. 3.7), specimen volume (Fig. 3.9) and inner chamber (Fig. 3.5)
and control vertical displacement, radial strain and tangential strain. Menzies (1987) pioneered
the use of DPVC in soil testing which consist of a saturated water cylinder and a piston that is
attached to a step motor by a ball screw. In DPVC the desired strain increment is applied by
either extracting or injecting water. Since the strain increment is applied by volume control, the
strain control loading system requires a fully saturated system.
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Fig. 3.9 Back pressure and specimen volume control (After Logeswaran 2010)

3.4.4 Measuring system of the HCT device
The CU HCT device uses nine electronic transducers to measure loads, pressures and
deformation during the test. The three pressure components, namely internal chamber pressure,
external chamber pressure and the pore pressure are directly measured using precision pressure
transducers (PT) which has a resolution of aboutേͲǤͳ݇ܲܽ. The surface traction components
vertical load and torque are measured by thrust/torque load cell. The load cell has a resolution of
thrust approximately േͶܰ which in terms has a vertical stress resolution in the order of
േͲǤͷ݇ܲܽ. The load cell has a resolution of torque approximately േͲǤͲͷܰ݉ which in terms of
shear stress has a resolution in the order of േͲǤͲͳ݇ܲܽ. The torque and thrust measurements
have a negligible amount crosstalk in the load cell. In addition, the axial load is also measured
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using an extra load cell attached at the bottom of the torque loading system (Fig. 3.8). This has a
resolution of approximately േͳܰ and a vertical stress resolution in the order of േͲǤͳ݇ܲܽ
(Logeswaran, 2010)
The two displacement components vertical displacement and torsional displacement are
measured using Linear Variable differential Transducers (LVDT) and converted into axial and
shear strain respectively. The vertical LVDT is mounted at the top of the cross beam of loading
frame and the vertical displacement is directly measured by measuring the movement of the thin
vertical rod that is attached to the centre of the bottom pedestal. The torsional LVDT measure the
rotation of the specimen by changing the rotation as linear tangential displacement (Fig. 3.10).
Both LVDTs have an accuracy level of approximately ͳͲିଷ mm which in term of axial and shear
strains is better than about of ͷ ൈ ͳͲିସ Ǥ The inner chamber volume and the sample volume
changes are recorded using differential pressure transducers (DPT) which are used to calculate
the radial and tangential strains. The differential pressure transducers have a volume
measurement resolution of about 1 mm3 and thus leads to a volumetric strain resolution of ͳͲିସ.
3.4.5 Data acquisition system of the CU HCT device
Three National Instruments data acquisition and control interface cards (PCI-6052E, PCI6601, and PCI-6703) installed in the personal computer are connected to the multi-channel signal
conditioner (MSC-10), the Analog-to-Digital (A/D) converter and the stepper motor controller.
Five stepper motor drivers of the HCT device are connected to the stepper motor controller and
driven through the National Instruments PCI-6601 card. Two of five stepper motors which are
connected to torque wheel and synchronized to operate on one channel of PCI-6601. Other three
steeper motors are connected to the three DPVCs which controls vertical load, inner volume and
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specimen volume during strain controlled loading. Careful selection of this hardware of the HCT
device ensures low noise level, and accurate measurement and application of tractions.

Soil specimen
Bottom pedestal
Loading shaft

Pulley

Counter weight
LVDT

Fig. 3.10 Torsional displacement measurement in the HCT device
The MSC-10 provides excitation, amplification and filtration for the different transducers
used, and consists of six analog outputs in which three of them are directly attached to the three
EPTs in the HCT device in order to control them. All transducers are read concurrently and
analog voltage is collected for a certain period and an average reading from the collected
readings during that time interval is determined by an analog integrator. Then, the averaged
value is converted to digital output by A/D converters.
A in-house developed multithreaded data acquisition program was used to acquire the data
and control the system. Multiple execution threads within a single process enable continuous and
smooth operation of hardware and proper sampling of input channels without interruption or
delay (Logeswaran, 2010).
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4. EXPERIMENTAL WORK
4.1 INTRODUCTION
This chapter presents details of the experimental work carried out in order to achieve the
objectives described in chapter 1. A comprehensive research program was undertaken using the
Hollow Cylinder Torsional Shear (HCT) apparatus in order to access the cyclic undrained
behaviour of reconstituted Fraser sand specimens. Details of the material used for the testing,
specimen reconstitution technique, specimen assembly, and performance and control of the HCT
device are also described.

4.2 MATERIAL TESTED
The semi-angular Fraser River sand brought from the Fraser Delta in British Columbia was
used for this study. Initially the sand was allowed to pass through a set of sieves ranging from
0.850 mm (#20 sieve) to 0.075 mm (#200 sieve) during a dry sieving process to remove the fine
particles which are less than 0.075 mm. Almost all particles were smaller than 0.85 mm (100%
passing #20 sieve). Then the sand retained on the #200 sieve was wet sieved through #200 sieve
to remove the particles which are less than 0.075 mm. The removal of the particles was
undertaken to avoid particle segregation during pluviation and ensure the preparation of uniform
specimens. The amount of fine particles less than 0.075 mm (#200 sieve) is about 2% in the
original sand, so that the removal of fine particles is expected to not significantly alter the soil
response. Fig. 4.1 shows the particles size distribution of the sand as received, and as tested.
The maximum and minimum void ratios of Fraser River sand were determined using
ASTM D4253 (2001a) and D4254 (2001b) specifications. The results show that the loosest void
ratio emax = 0.866 and the densest void ratio emin = 0.511. According to the ASTM standards for
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test material the average particle size D50 = 0.28 mm, uniformity coefficient Cu = 2.92,
coefficient of curvature Cc = 1.27 and specific gravity was determined as per ASTM D 854 and
found to be Gs = 2.67.

Fig. 4.1 Grain size distribution of Fraser river sand used
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4.3 SPECIMEN PREPARATION
In order to duplicate the actual in-situ behaviour as closely as possible during laboratory
testing, all tests should preferably be conducted on undisturbed specimens. Undisturbed
specimens from sandy soil deposits are however extremely difficult to obtain and conventional
soil sampling techniques alter the physical properties of the soil very much. In-situ ground
freezing is the best way to obtain undisturbed sandy soil specimens with minimum disturbance
and without any alterations on the soil fabric. Because of the high cost associated with this
technique, and the natural variability in-situ it is not possible to obtain several undisturbed
specimens with identical characteristic for a systematic study. Thus, reconstituted specimens are
generally used to research the behaviour of sands in the laboratory.
Many specimen reconstitution techniques have been used in laboratory testing over the
years. The common techniques used for specimen reconstitution are moist tamping and air or
water pluviation. The ability of the method to produce homogeneous and repeatable specimen of
the studied material is a fundamental requirement, and in most cases the adopted reconstitution
method is chosen to meet this requirement. Clean sand specimens pluviated in air and water have
been shown to yield similar behaviour (Finn et al. 1977), but obtaining fully saturated specimens
by air pluviation is a difficult and time consuming task. The most tamping technique compacts
the sand at lower water content and may form a honeycomb like structure (Casagrande, 1975) in
the specimen which has been shown to be highly collapsible (Vaid et al 2001).
Since water pluviation leads to uniform and repeatable specimens, this technique was used
for this experimental study. The specimen reconstituted using this technique closely duplicates
the behaviour of fluvial and water deposited soils. Further, undrained shearing requires fully
saturated specimen in order to properly access the excess pore pressure generation during
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shearing, and water pluviated sands are excellent in this regard. Density of the water pluviated
specimen is not generally affected by the height of the particle drop (Vaid and Negussey, 1988)
because particle deposition occurs at constant terminal velocity that is reached within short drop
height. However this technique may result in particle segregation if the soil is well graded, but
since the sand used for this experimental study is poorly graded and the percentage of fine
particles is negligible this technique is deemed most suitable for this experimental study.
4.3.1 Preliminary steps of specimen preparation
Preparation of a hollow cylindrical specimen is a complex process, and various steps have
to be followed precisely to reconstitute repeatable specimens. Generally, the preliminary steps
are completed on the first day, and the actual test is conducted the following day.
A known weight (approximately 5000 g) of Fraser River sand was boiled for about two
hours in four volumetric flasks to remove the entrapped air between soil particles. Thereafter the
flasks which contain the boiled sand were filled with de-aired water and allowed cool under
room temperature. Afterwards, the flasks were sealed by a top cap in order to prevent air contact
with de-aired water/sand. All porous stones that are embedded into the end platens were also
boiled and allowed to cool under room temperature and kept in a closed container to prevent
significant air contact. Adequate amount (about 15 litres) of de- aired water was prepared by
boiling the water and allowed to cool to room temperature and seal the top opening in order to
prevent the air contact. Both inner and outer membranes were checked to ensure they were not
punctured. The O–rings used in the system were checked in order to ensure they were not
damaged. Cell, inner, pore pressure reservoirs were filled with de–aired water.
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4.3.2 Specimen preparation steps
The base pedestal and the chamber base were cleaned in order to ensure there were no sand
particles from the previous tests. This helps to prevent the membrane from puncturing and ensure
proper O-ring sealing and avoid water leakage. All drainage and pressure lines were flushed
with de-aired water in order to get a fully saturated system. Appropriate reference offsets reading
were recorded in the data acquisition program. A dial gauge was fixed to a movable stand and
the reference sample height reading was taken on a dummy-sample block to enable accurate
determination of initial sample height. The inner membrane was placed around the inner surface
of the base platen and held in position using two O- rings. The base platen was fixed to the base
pedestal using two locating pins and six evenly spaced screws. At this stage, care was taken to
ensure that the pore pressure drainage line in both base pedestal and base platen were coincident
with each other. The four piece spilt inner mould was assembled carefully without damaging the
inner membrane in order to create the inner cavity and the space between inner membrane and
the base platen was filled with water. The inner former was held together with the membrane on
the outside, at the bottom by a thick internal metallic ring that snugly fits to the axial shaft, and at
the top by an annular platen and by an O-ring. De-aired water was flushed through the cavities in
the base platen to saturate the base platen and porous stone cavities. Six porous stones were
transferred into the de-aired water filled cavities carefully from a de-aired water filled container
without any significant air contact. Again de-aired water was flushed through the porous stone
and allowed to flood the base platen. This way the air contact was prevented from any part of the
devices which is in contact with the soil specimen.
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The outer membrane was placed in position and sealed with the outer surface of the base
platen using two O-rings. The two piece outer mould was placed in position carefully without
damaging the outer membrane and held together using two metal rings at top and bottom
respectively. The outer membrane was flipped over the mould at the top and sealed with the
outer surface of the outer mould using two O-rings. A small amount of suction applied through
the opening in the outer mould to keep the membrane attached to the interior wall of the outer
mould. The inner surface of the outer mould is lined with porous plastic, and pulls the outer
membrane taut under the applied suction. This creates a smooth membrane lined annular cavity,
which is filled with de-aired water. Any air bubbles in the water filled annular cavity were
removed manually as much as possible in order to ensure getting a fully saturated specimen. An
extension collar was placed at the top of the outer mould and filled with water up to the possible
level without spilling the water into the inner cavity. The flasks which contain boiled sand were
filled with de-aired water and inverted into the cavity formed by the two membranes which was
filled with de-aired water. The sand was deposited into the annular cavity under gravity by
mutual displacement of water and sand. The submerged tip of the flask was slowly circulated
along the cavity in order to facilitate the sand pluviation with approximately level surface. The
uniform level of sand ensures the horizontal plane of deposition. Since the final velocity of the
falling sand particles is reached with in short depth the drop height does not affect the density
very much (Vaid and Negussey, 1988). The deposition was continued until the required level
was reached and the excess sand was removed by siphoning off and a level top surface was
established. The siphoned sand was oven dried and weighted to determine the weight of sand
used which use in the calculation of density or void ratio of the specimen. Fig 4.2 & 4.3 show
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the details of the specimen deposition method and a schematic illustration of the specimen set up
respectively.

Flask

Glass tube
nozzle
Inner mould

Water surface

Extension of the
outer mould

Outer mould

Sand

Fig. 4.2 HCT specimen preparation by water pluviation technique (After Sayao 1989)
The saturated bottom half of top platen with saturated porous stones was carefully seated
on top of the sand specimen without disturbing the specimen. The dial gauge was set in place to
provide the initial reading, and continuous monitoring of the height changes from this stage
forward. De–aired water from the pore water reservoir was carefully circulated upwards from the
bottom (with a very low gradient - typically about 0.1 or less) in order to remove the air
entrapped between the top outer vertical wall of the platen and the outer membrane. The outer
membrane was flipped on to the top platen and sealed with two O-rings. Again de-aired water
was allowed to percolate from the bottom to remove the air entrapped between interior wall of
the top platen and the inner membrane.

56

Bolt

Cross beam

Locating pin
Top loading cap

Cell top

Top platen

Top drainage
Central rod
O-ring

Rigid rod
Soil
Outer
membrane

Plexiglass
cell

Inner
membrane
Porous disc
Base platen

Base pedestal

Chamber base
Inner chamber
top

Inner chamber
bottom

External
pressure
Pore pressure
bottom

Pore
pressure
top

Loading
shaft

Fig. 4.3 Details of HCT specimen setup (After Logeswaran 2010)
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The inner membrane was flipped on to the top platen and sealed with two O-rings. The two
screws and drainage ports of the top platens were opened, and de-aired water was allowed to
percolate again slowly upwards through the specimen with small gradient to remove entrapped
air bubbles between the top platen and the specimen. The top drainage line was connected to the
drainage port of the top platen. Then approximately 20 kPa of suction was applied to the
specimen and the volume of water drained from the specimen was measured. Continuous volume
measurement was carried out from this stage until the end of the test. With the applied suction,
the soil will have an effective stress and can stand on its own even after the inner and outer
moulds are removed. The inner former was carefully removed without disturbing the specimen
nor damaging the inner membrane. The inner cavity was filled with de-aired water up to the top
and air bubbles were removed manually as much as possible. The top half of the top platen was
placed and tightened with the bottom half of the top platen with six evenly placed screws and
two locating pins. The outer former vacuum was removed and consequently the outer former
also removed. The full saturation of the inner cavity was ensured and the drainage line for the
inner top was connected to the platen.
The O-ring used to seal the cell chamber was placed in the slot on the chamber base. The
cell chamber was placed in position and tight with chamber base with six screws and filled with
water. After that the cell top was placed on top of the cell chamber and sealed with the chamber
by six screws. The top cross beam was brought into the position and fixed with the reaction
frame. The central rod which is used to measure vertical displacement was fixed with the loading
shaft and its seals the inner chamber. The specimen was moved up until the top cap contacts the
cross beam by pressuring the bottom chamber of vertical loading double acting piston. The top
cap was attached with cross beam by a bolt in order to ensure vertical alignment of the axes of
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the specimen and the frame. The two locating pins protruding from the cross beam were inserted
into loading cap in order to prevent rotational movement during the application of torque
loading. The specimen height, inner diameter and outer diameter were calculated at this stage
from the total height change and the volume change which were tracked up to this point. The
calculated specimen height, inner diameter and outer diameter were inputted into the data
acquisition system and all stresses, and deformations are monitored continuously through the
data acquisition program from this stage forward.
The specimen was made undrained and 30 kPa of confining pressure was applied to the
specimen hydrostatically to bring the pore pressure to a positive value before starting the
saturation check. Then saturation check phase of the test program was conducted and the
Skempton’s B value was checked in several increments of confining pressure. Full saturation was
confirmed for the specimens (a Skempton’s B value of 0.99 or higher was considered indicative
of full saturation). Specimens which had a lower level of saturation were rectified using the back
pressure saturation technique, and all tests were conducted on specimens with Skempton’s Bvalue of 0.99 or higher.
After completing the saturation check phase the specimen was consolidated to the desired
initial stress state using the fully automated feedback control loading system. The desired initial
stress state, number of increments and the loading rate were inputted into the data acquisition
system prior to start the consolidation phase. All specimens for this test program were
consolidated for an initial effective mean normal stress state of 200 kPa. This effective stress was
reached in 25 kPa stress increments with a five minute delay in between successive loading
stages. Moreover the 25 kPa stress increment was applied in ten steps during a three minute
interval to ensure that the prescribed loading path is closely followed using feedback control.
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Following the consolidation phase the shearing phase of the testing program was executed
with the predetermined test parameters. All cyclic tests were carried out with a cyclic period of
240 seconds in order to run the feedback control loading system properly. The loading rate has
no effect of the cyclic undrained behaviour of sands, and thus the slower loading rate was not a
concern.

4.4 VOID RATIO CALCULATION
Calculation of the void ratio of the specimen is important in laboratory soil testing in order
to compare a series of tests to enable appropriate comparisons. The specific gravity of the soil,
mass of the dry soil used for the sample preparation and the total volume of the specimen are
required to calculate the void ratio. Usually the volume of the specimen is calculated from the
height and the diameter of the specimen which is measured using the conventional methods. The
height of the specimen can be measured confidently compared to the measurement of diameter.
For HCT specimens the diameter is measured according to the suggestion made by Vaid
and Sivathayalan (1996). The outer diameter of the specimen is determined from the height of
the water in the membrane lined cavity formed by the outer mould when it filled by water. The
outer diameter of the specimen is calculated using the mass of water needed to fill the cavity, the
density of the water at the room temperature and the height of the water column in the membrane
lined cavity. In order to determine the inner diameter the cavity formed by the inner and outer
membrane is filled with water and the height of water column in that cavity is measured. Similar
to outer diameter the inner diameter also calculated using the mass of water needed to fill the
cavity, the density of the water at the room temperature and the height of the water column in the
membrane lined cavity. Since the volume and the height changes of the specimen was
continually monitored during the sample preparation the void ratio of the specimen was
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calculated accurately. Given the care taken in calculating the void ratios, the void ratios reported
in this thesis are accurate to േ0.005.
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5. INFLUENCE OF PRINCIPAL STRESS DIRECTIONS ON
LIQUEFACTION RESISTANCE
5.1 INTRODUCTION
The results from the tests which were carried out in order to study the effect of initial
principal stress direction (ߙఙ ) and level of rotation (οߙఙ ) on the liquefaction resistance of sands
are presented in this chapter. The tests were carried out using the hollow cylinder torsional shear
(HCT) apparatus described in chapter 3. As noted earlier, commonly used test methods to assess
the liquefaction potential of soils in laboratory (i.e. triaxial and simple shear tests) cannot
properly simulate the stress conditions in-situ. During a cyclic triaxial test the major principal
stress may be either oriented along the vertical deposition direction or along the horizontal
bedding plane and undergo a sudden jump rotation. During a simple shear test principal stress
will undergo smooth rotation in uncontrolled manner. However in the field the principal stress
may be oriented along an arbitrary direction and undergo smooth rotation. Investigation on cyclic
soil behaviour under an arbitrary initial principal stress direction and possible levels of rotation
may be useful to improve the current knowledge about liquefaction assessment.
Fig 5.1 shows the nature of the rotation of principal stress directions imposed on Fraser
River sand for this experimental study program. The direction of principal stress was rotated
smoothly during the application of cyclic stress. The direction of principal stress was rotated in a
sinusoidal form with the frequency equal to the frequency of the applied cyclic shear stresses. In
other words, the occurrence of the largest inclination of principal stress corresponds to the
occurrence of the maximum cyclic shear stress. Cyclic deviator stress was considered to be
positive for one half, and negative for the other half of the loading cycle. The sign of the
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direction of deviatoric stress are defined based on the direction of torsional shear stress ߬௭ఏ . The
positive values of the deviatoric stress denote that ߬௭ఏ is counter clockwise and the negative
values denote that ߬௭ఏ is clockwise.

Fig 5.1: Cyclic shear stress and direction of principal stresses
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The intensity of the cyclic loading (called the cyclic stress ratio, CSR) has been expressed
by normalizing the cyclic shear stress ൫ߪௗǡ௬ Ȁʹ൯ by the effective mean normal stress in the
hollow cylinder test as follows (Logeswaran, 2010)
ౚ

ଶ′ౣౙ

= Ⱦ + Ⱦ୫ୟ୶ ሺɘሻ

(Eq 5. 1)

ᇱ
Here, ߪௗ is the deviatoric stress, ߪ
is effective mean normal stress at the end of consolidation,

ߚ is the initial static shear stress ratio and ߚ௫ is the amplitude of the cyclic stress ratio. ߚ is
is zero in the series of tests reported herein because all specimens were consolidated
isotropically.
The direction of the major principal stress ߙఙ was changed in a sinusoidal manner in order
to smoothly rotate the principal stress direction during the application of cyclic shear stress as
noted in the following equation
Ƚ ൌȽୡ Ƚౣ౮ ሺɘሻ
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Here, ߙఙ is principal stress direction with specimen deposition axis, ߙఙ is initial principal stress
direction at the end of consolidation. ߙఙೌೣ is allowed maximum principal stress rotation.
The torsional shear stress applied on the horizontal plan ߬௭ఏ can be expressed in terms of
ߪௗ and ߙఙ using Mohr’s circle.
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From the above equations during the smooth rotation of principal stress the shear stress on
the horizontal plan can be calculated as follows (Logeswaran, 2010)
ɒ ൌሺȾȾ୫ୟ୶ ሺɘሻሻ ʹ  כȽ   כɐᇱ୫ୡ 
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5.2 TEST PROGRAM
The undrained behaviour of sand under the applied monotonic, cyclic loading is studied in
terms of developed excess pore pressure, developed maximum shear strain and the number of
cycles required to trigger liquefaction. The feedback controlled data acquisition system was used
throughout the test in order to reach the targeted stress state.
All sand specimens were reconstituted using water pluviation and were consolidated to a
ᇱ
hydrostatic effective mean normal stress (ߪ
) of 200 kPa. The effective stress ratio at the end of

consolidation is thus ݇ ൌ ͳ. Technically, the values of ܾఙ and ߙఙ are undefined at this stage,
but this initial state permits cyclic shear with principal stress rotation about initial principal stress
directions (ߙఙ ) of 0o, 30o 45o, 60o and 90o under approximately plane strain conditions
(intermediate stress parameter ܾఙ = 0.4). The relative density at the end of the consolidation was
͵͵Ǥͷ േ ͵Ψ. All cyclic tests were conducted with a cyclic stress ratio (CSR) of 0.2 but with
different level of stress rotations (οߙఙ = 0o, 30o, 45o, 60o and 90o). During the cyclic loading total
mean normal stress ߪ was held constant to ensure that the measured response reflects the shear
induced behaviour. The period of cyclic loading was maintained at 240 seconds to enable proper
feedback control. Liquefaction was defined according to the maximum shear strain criterion and
the specimen was deemed to have liquefied when the maximum shear strain ߛ௫ exceeded
3.75% (NRC 1985). The details of the stress rotation tests conducted are given in Table 5.1 and
5.2.
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Table 5.1 Initial and loading states of tests conducted under Monotonic loading
Consolidation state

Loading state

Test No
ܦ (%)

ᇱ
ߪ
(kPa)

ܾ

ߙఙ (deg)

ȟߙఙ (deg)

ȟߪௗ
ൗȟߙ
ఙ

MO01

36.5

200

0.4

45

͵Ͳ

13.33

MO02

36.0

200

0.4

45

Ͷͷ

8.89

MO03

34.9

200

0.4

45

Ͳ

6.67

MO04

35.5

200

0.4

45

ͻͲ

4.44

MO05

35.8

200

0.4

0

Ͷͷ

8.89

MO06

35.9

200

0.4

90

Ͷͷ

8.89

5.3 MONOTONIC RESPONSE UNDER PRINCIPAL STRESS ROTATION
A limited number of monotonic tests were conducted to understand the influence of initial
principal stress direction and its subsequent rotation on the monotonic undrained behaviour of
Fraser River sand. Three specimens starting at ߙఙ =Ͳι ǡ Ͷͷι ͻͲι were subjected to monotonic
shearing with a fixed rate of principal stress rotation. Prior to shearing, the stress states of each
ᇱ
= 200 kPa and ܦ = 33.5%. Shearing was carried out by holding total mean
specimen was ߪ

normal stress ߪ and the intermediate principal stress parameter (ܾఙ ) constant as shown in Table
5.1. During shearing ȟߪௗ Τȟߙఙ was held constant (at ͺǤͺͻȀ which is equivalent to
ȟߙ ൌ Ͷͷι over a 200 kPa shear stress increment1). This loading represents simultaneous increase
in ߪௗ and ߙఙ that would be expected in several in-situ loading situations.

1

All ȟߙ values reported in this section are similar equivalent rotation angles normalized to 200 kPa shear stress, and
the actual magnitude of the stress rotation would be smaller if the maximum shear stress did not reach 200 kPa.
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Table 5.2 Initial and loading states of tests conducted under cyclic loading
Consolidation state

Loading state

Test No
ܦ (%)

ᇱ
ߪ
(kPa)

ܾ

ߙఙ (deg)

ߙఙ (deg)

ߪௗ
ᇱ
ʹߪ

Number
of
Cycles

CY01

30.6

200

0.4

0

ା
ିͲ

0.2

-

CY02

31.4

200

0.4

0

ା
ି͵Ͳ

0.2

14

CY03

30.5

200

0.4

0

ା
ିͶͷ

0.2

8

CY04

36.5

200

0.4

0

ା
ିͲ

0.2

10

CY05

30.7

200

0.4

0

ା
ିͻͲ

0.2

15

CY06

35.6

200

0.4

30

ା
ିͲ

0.2

-

CY07

33.5

200

0.4

30

ା
ି͵Ͳ

0.2

19

CY08

30.5

200

0.4

30

ା
ିͶͷ

0.2

7

CY09

36.5

200

0.4

30

ା
ିͲ

0.2

12

CY10

36.5

200

0.4

30

ା
ିͻͲ

0.2

18

CY11

35.3

200

0

45

ା
ିͲ

0.2

-

CY12

35.2

200

0

45

ା
ି͵Ͳ

0.2

18

CY13

31.2

200

0

45

ା
ିͶͷ

0.2

16

CY14

31.4

200

0

45

ା
ିͲ

0.2

19

CY15

30.5

200

0

45

ା
ିͻͲ

0.2

20

CY16

36.5

200

0.4

60

ା
ିͲ

0.2

-

CY17

31.4

200

0.4

60

ା
ି͵Ͳ

0.2

12

CY18

31.2

200

0.4

60

ା
ିͶͷ

0.2

9

CY19

36.5

200

0.4

60

ା
ିͲ

0.2

12

CY20

33.7

200

0.4

60

ା
ିͻͲ

0.2

18

CY21

36.1

200

0.4

90

ା
ିͲ

0.2

-

CY22

36.5

200

0.4

90

ା
ି͵Ͳ

0.2

9

CY23

35.5

200

0.4

90

ା
ିͶͷ

0.2

7

CY24

35.3

200

0.4

90

ା
ିͲ

0.2

9

CY25

36.5

200

0.4

90

ା
ିͻͲ

0.2

27
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Figure 5.2 presents the effective stress paths and deviator stress strain response of Fraser
River sand sheared at a fixed rotation rate of ȟߪௗ Τȟߙఙ = 8.89 but at different initial ߙఙ values.
Significant differences can be noted in the measured response, especially when comparing the
response at ߙఙ =Ͳι with the other two cases. Fairly profound undrained anisotropy is apparent
in these water deposited sand specimens. As the direction of ߪଵ during consolidation deviates
from the deposition direction (ߙఙ ൌ Ͳι ) towards that of the bedding plane (ߙఙ ൌ ͻͲι ),
undrained response changes from dilative to contractive for a fixed rotation. The sand exhibits
highest strength at ߙఙ ൌ Ͳι and essentially similar response when starting at ߙఙ ൌ ͶͷιͲͻݎι .
Several previous studies (Logeswaran, 2010, Sivathayalan, 2000, Uthayakumar, 1995,
Yoshimine et al., 1998) report a systematic reduction in the undrained strength as the direction of
the major principal stress aligns toward the bedding planes, and the lowest strength is generally
observed when ߙఙ ൌ ͻͲι . Sayao (1989) and Wijewickreme (1990) have observed a similar
behaviour in drained response, in which volumetric deformation for a given ߪௗ increased with
increasing ߙఙ . All of these previous observations were from the results of tests where there is no
principal stress rotation; thus, principal stress is fixed at the position of consolidation direction or
in other words οߙఙ =Ͳι .
Rotation of principal stress causes the inclination of the major principal stress to increase
in the ߙఙ ൌ Ͷͷι test, and decrease in the ߙఙ ൌ ͻͲιtest. Thus these two tests exhibit relatively
similar behaviour when shearing occurs with principal stress rotation. The rotation of major
principal stress direction with maximum shear strain under controlled principal rotation is shown
in Fig. 5.2. The observation shows that during ߙఙ ൌ Ͳι test principal stress was rotated by ʹͲǤͳι
whereas during ߙఙ ൌ Ͷͷι and ߙఙ ൌ ͻͲι tests principal stress was rotated by ͳǤʹι and Ǥͷι
respectably at the stage of PT.
68

Fig 5.2 Effective stress path, deviator stress and major principal stress direction variation with
maximum shear strain
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A series of monotonic undrained tests in which ߙఙ was increased in a controlled manner is
described in this section. Prior to shearing, all specimens were isotropically consolidated to an
effective stress of 200 kPa. The targeted relative density was 33.5%. During shear loading ߪ ,
ܾ,

οఙ
οఈ

were held constant. These tests represents simultaneous increase in ߪௗ and ߙఙ and

evaluate the effect of the degree of stress rotation on the undrained response.
Figure 5.3 shows effective stress path and deviator stress- strain response for tests
conducted at a fixed initial ߙఙ ൌ Ͷͷι but different rates of stress rotation οߙఙ values. The
degree of contractiveness may be noted to increase with an increase in οߙఙ , and the response at
the smallest οߙఙ used was only marginally contractive. Clearly, a faster rate of stress rotation
leads to a weaker response, and consequently lower undrained strength. The rotation of major
principal stress direction with maximum shear strain under controlled principal rotation is shown
in Fig 5.3. The result shows οߙఙ = ͵Ͳι test undergoes a rotation of ͳͲǤ͵ι , οߙఙ = Ͷͷι test ͳǤʹι ,
οߙఙ = Ͳι test ͳͺǤ͵ι and οߙఙ = ͻͲι test ʹǤͺι before reaching the PT line. Since the magnitude of
stress rotation was related to the deviatoric stress, principal stress directions varied little in the
tests where the material strain softened and deformed at essentially constant shear stress.
Effective stress conditions at phase transformation (PT) state and maximum obliquity
(MO) state for both fixed rotation of principal stress (οߙఙ =Ͷͷι ) loading and different rotation of
principal stress tests (ߙఙ =Ͷͷι ) are shown in Fig. 5.4. The results show that the friction angle
mobilized at PT is equal to ் ൌ ͵ǤͶι and the friction angle mobilized at MO is equal to
ெை ൌ ͵ͻǤ͵ι . Even though there is some scatter in the data, these results agree with the
contention that the friction angle mobilized at the phase transformation state is a material
property, and independent of whether the principal stress directions remain fixed or vary during
shearing.
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Fig 5.3 Effective stress path, deviator stress and major principal stress direction variation with
maximum shear strain
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Fig 5.4 Variation of stress state at PT and MO state
Figure 5.5(a) and (b) present the relationship between phase transformation strength and
rotation angle οߙఙ , and Figure 5.5(c) and (d) show the variation of the phase transformation
strength with the inclination of the major principal stress at phase transformation. Figures 5.5(a)
and (c) show the data for fixed initial angle (ߙఙ =Ͷͷι ) but different magnitudes of stress rotation,
and the other two figures show the data for a fixed rotation of (ȟߙ=Ͷͷι ) but starting at different
ߙఙ values. The continuous decrease in ்ܵ with increase in οߙఙ starting at a given ߙఙ
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demonstrates that ்ܵ reduces when the principal stress direction moves from the direction of
soil deposition to bedding plane. Clearly a plot with the inclination of ߪଵ at PT and that with ȟߙ
are analogous if the initial angle is fixed. On the other hand, when comparing different initial
angles (ߙఙ ሻ the magnitude of stress rotation at PT state and the ்ܵ decrease with the increase in
initial angle (ߙఙ ). However the ்ܵ decreases with increase in the inclination of the major
principal stress at the instant of phase transformation even for different ߙఙ case.

Fig 5.5 Variation of phase transformation strength with οߙఙ and ߙఙ at PT state
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5.4 INFLUENCE OF οࢻ࣌ ON CYCLIC BEHAVIOUR OF SAND
A series of cyclic tests were performed at a fixed cyclic stress ratio (CSR) of

ఙ
ଶఙᇱ

= 0.2

with different amounts of smooth principal stress rotation. Principal stress directions were
rotated in a smooth manner about the vertical deposition axis of the specimen (axis of cross
anisotropy), and about axes inclined at 30o, 45o, 60o and 90o to the vertical. During these tests, the
total mean normal stress was held constant at ߪ = 450 kPa and the intermediate principal stress
parameter ܾ was held constant at ܾ = 0.4 for most of the tests except for the tests with the initial
principal stress direction of 45o with vertical. Test results of specimens subjected to different
magnitudes of stress rotation about a specific principal stress axes direction are presented in the
following sections for each principal stress axes inclination.
5.4.1 Behaviour for ࢻ࣌ࢉ ൌ ι
The first series of tests were conducted by applying a cyclic shear stress symmetrical about
the vertical axis. The applied cyclic stress ratio of CSR = 0.2 requires a maximum cyclic shear
stress amplitude of 40 kPa, but depending on the degree of stress rotation different levels of
cyclic torsional shear stress ߬௭ఏ would be required to follow the loading path. Fig. 5.6 shows the
variation of ߬௭ఏ during different levels of the smooth rotation of the principal stress direction
required to produce a sinusoidal cyclic shear stress. For this particular case (Ƚୡ ൌ Ͳι ) when
maximum rotation of principal stress direction ߙఙ௫ is 45o or less (30o) ߬௭ఏ reaches the peak at
the instant of the peak cyclic stress ratio and when ߙఙ௫ is greater than 45o (60o and 90o) ߬௭ఏ
does not reaches the peak at the instant of the peak cyclic stress ratio. Further, no torsional shear
stress on the horizontal plane is required (߬௭ఏ = 0) for the case where there is no rotation of
principal stress, and thus the major principal stress remained along the vertical deposition

74

direction whereas for ȟߙఙ  = 90o test ߬௭ఏೌೣ of 22.5 kPa is applied. Even though ȟߙఙ = 30o and
60o tests show almost equal ߬௭ఏೌೣ of 34.6 kPa and 34.7 kPa respectively, the variation within
cycle is different. For ȟߙఙ  = 45o , since the major principal stress is oriented 45o apart from
horizontal at the instance of maximum rotation of principal stress, the ߬௭ఏೌೣ which is equal to 40
kPa is mobilized.
Fig. 5.7 and 5.8 show the variation of deviatoric stress, excess pore pressure and maximum
shear strain with number of cycles for ȟߙఙ = 0o and ȟߙఙ = 60o respectively. The deviatoric stress
varies in a cyclic manner with the maximum deviatoric stress of 80 kPa throughout the loading in
the ȟߙఙ = 0o test and during the first eight cycles in ȟߙఙ = 60o test. Prescribed stress paths
cannot be followed during strain softening deformation, and this is noted during cycles 9 and 10
in the ȟߙఙ = 60o test. The plot shows the variation of deviatoric stress (which is technically
always positive) with the sign of ߬௭ఏ to illustrate the cyclic variation of the shear stress. There is
no ߬௭ఏ for ȟߙఙ = 0o test, and the shear stress is always applied in the same direction on the Ͷͷι
plane. Thus Fig. 5.7 shows only positive variation of deviatoric stress. On the other hand for οߙఙ
= 60o test deviatoric stress shows both negative and positive variation (according to the sign of
߬௭ఏ ሻ indicating that the shear stress reverses directions during the loading. Even though there are
peaks and troughs in pore pressure response within a cycle the cumulative excess pore pressure
increases with the number of cycles in both cases. Almost 100% excess pore pressure is
mobilized in the ȟߙఙ = 60o when the specimen liquefied during the 10th cycle, but excess pore
pressure and shear strain development were fairly small in the ȟߙఙ = 0o test. Since the increment
in the excess pore water pressure decreases the strength of the soil, the maximum shear strain
(ߛ௫ ) shows a systematic accumulation with number of cycle as noted in the excess pore
pressure generation. Induced ߛ௫ is relatively low until the specimen reaches the PT state and
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the rate of strain development rapidly increases afterwards. As mentioned above since ȟߙఙ = 60o
test liquefied during the 10th cycle the ߛ௫ reaches the limiting value of 4% at the time of
liquefaction and there is no liquefaction for ȟߙఙ = 0o test.

Fig 5.6 Shear stress on the horizontal plane during smooth rotation of ߙఙ from ߙఙ ൌ Ͳι
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Fig. 5.7 Variation of deviatoric stress, excess pore pressure and maximum shear strain with
number of cycles for ȟߙఙ = 0o
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Fig. 5.8 Variation of deviatoric stress, excess pore pressure and maximum shear strain with
number of cycles for ȟߙఙ = 60o
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Fig. 5.9 and 5.10 show the variation of total vertical stress, effective vertical stress and
torsional shear stress applied on the horizontal plane with number of cycles for the ȟߙఙ = 0o and
ȟߙఙ = 60o tests respectively. Since all the tests are carried out at constant mean normal stress
(ߪ ) the total vertical stress varies in a cyclic manner between 450 kPa and 490 kPa during the
ȟߙఙ = 0o test and between 430 kPa to 460 kPa during ȟߙఙ = 60o test. On the other hand effective
vertical stress decreases with the number of cycle as the excess pore pressure goes up and
eventually reaches a state of zero defined as liquefaction for the ȟߙఙ = 60o test. For the ȟߙఙ = 0o
test major principal stress remains along the vertical deposition direction, and thus there is no
torsional shear stress applied on the horizontal plane (߬௭ఏ ൌ Ͳሻ whereas for the ȟߙఙ = 60o test
the torsional shear stress applied on the horizontal plane (߬௭ఏ ൌ Ͳሻ varies in a cyclic manner
with a maximum magnitude of 34.7 kPa.
Fig. 5.11 and 5.12 show the variation of vertical strain, radial strain and torsional shear
strain applied on the horizontal plane with number of cycles for the ȟߙఙ = 0o and ȟߙఙ = 60o tests
respectively. Strain development is small in the οߙఙ = 0o test as the loading did not generate
significant excess pore water pressures. For the ȟߙఙ = 60o test, relatively low strains were
induced until the specimen reached the PT state, and there is a rapid increase in both vertical and
torsional shear strains during the liquefaction cycle. Since all these tests were performed under
plane strain condition (ܾ ൌ ͲǤͶሻ there should be no strain along the radial direction since the
intermediate principal strain must be zero. However, plane strain conditions cannot be enforced
during strain softening deformation and thus some radial strain occurs during the load cycles
leading to liquefaction. For the ȟߙఙ = 0o test since there is no ߬௭ఏೌೣ as noted in Fig. 5.9 there is
no torsional shear strain on the horizontal plan whereas for the ȟߙఙ = 0o test there is low shear
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strain varies in a cyclic manner until the specimen reaches PT state and large shear strain is
developed after that.

Fig. 5.9 Variation of total vertical stress, effective vertical stress and torsional shear stress
applied on the horizontal plane with number of cycles for ȟߙఙ = 0o
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Fig. 5.10 Variation of total vertical stress, effective vertical stress and torsional shear stress
applied on the horizontal plane with number of cycles for ȟߙఙ = 60o
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Fig. 5.11 Variation of vertical strain, radial strain and torsional shear strain applied on the
horizontal plane with number of cycles for ȟߙఙ = 0o
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Fig. 5.12 Variation of vertical strain, radial strain and torsional shear strain applied on the
horizontal plane with number of cycles for ȟߙఙ = 60o
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Figs. 5.13 to 5.17 show the cyclic response of Fraser River sand when the principal stress
direction is smoothly rotated for a range of ߙఙ௫ from 0o to 90o about the vertical deposition
ᇱ
is noted for all tests except the no
axis. The symmetry of the stress paths with respect to ߪ

rotation test. Plots showing the stress path for other ߙఙ level are shown in Appendix A.
Liquefaction was not triggered even after applying 60 cycles in the test where ߙఙ is kept
along the vertical deposition direction. This test is similar to a cyclic triaxial test, but only with
compression loading cycles; i.e. a cyclic triaxial test with a fully rectified sine wave shear
loading. This test was terminated at this stage since there is limited interest in such high number
of load cycles. Excess pore pressure ration at the end of the test was about 20%. The application
of more cycles of loading would move the stress path gradually towards the PT line, but
probably a few hundred additional load cycles would be required to trigger liquefaction.
However, when the major principal stress direction was rotated by ͵Ͳι about the vertical axis,
the soil liquefied in 14 cycles. Strain development was small during the first 12 cycles, but
relatively large strains developed once the cyclic stress path reached the phase transformation
line. Similarly, when ߙఙ is rotated between -45o and +45o, liquefaction is induced at the 8
cycles. In each of these cases, the sand liquefied in progressively lesser number of loading cycles
as the magnitude of stress rotation increased. In the test where ߙఙ is -60o and +60o, liquefaction
was induced in 10 cycles, and for rotation of ߙఙ between -90o and +90o liquefaction was induced
at the 15 cycles.
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Fig 5.13 Stress path of Fraser River sand during cyclic loading of
kept along vertical deposition direction

ఙ

′
ଶఙయ

ൌ ͲǤʹͲ where ߙఙ was

Fig 5.14 Stress path of Fraser River sand during rotation of ߙఙ between -30o and +30o
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Fig 5.15 Stress path of Fraser River sand during rotation of ߙఙ between -45o and +45o

Fig 5.16 Stress path of Fraser River sand during rotation of ߙఙ between -60o and +60o
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Fig 5.17 Stress path of Fraser River sand during rotation of ߙఙ between -90o and +90o
Figure 5.18 compares the number of cycles to liquefaction with the degree of stress
rotation. These observations indicate that the lowest cyclic resistant occurs when the principal
stress rotates by 45o about the vertical deposition axis. The difference in cyclic resistance
between the 45o and 60o rotation tests is not that significant (8 cycles and 10 cycles). These
observations are consistent with the results in the literature reported by Logeswaran (2010).
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Fig. 5.18 Comparison of number of cycle required for liquefaction during ߙఙ ൌ Ͳι
Fig. 5.19 illustrates the induced excess pore pressure response during cyclic loading with
number of cycles as the principal stress smoothly rotated about the vertical axis. Positive excess
pore pressure accumulates with increasing number of cycles. Depending of the range of ߙఙ , the
rate of excess pore pressure accumulation differs. The least amount of excess pore pressure is
generated at the cyclic test with no rotation of ߙఙ or in other words the major principal stress is
kept along the vertical deposition direction. The sand experience approximately 40kPa of excess
ᇱ
at the end of 60th cycle. When ߙఙ is smoothly rotated
pore pressure which is 20% of ߪ

between -30o and +30o, the sand experiences approximately 190kPa of excess pore pressure
ᇱ
at liquefaction state. During the smooth rotation of ασ between -45o and
which is 95% of ߪ

+45o and -60o and +60o the sand experience the same trend of excess pore pressure response and
ᇱ
and 190 kPa which is 95% of
reach an excess pore pressure of 184 kPa which is 92% of ߪ
ᇱ
ߪ
at liqufaction state respectively. During smooth rotation of ߙఙ between -90o and +90o the
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sand exhibits essentially the same trend of excess pore pressure response as in the case of smooth
rotation ασ between -30o and +30o.
The difference in excess pore pressure accumulation during no rotation (ȟߙఙ = 0o) and
smooth rotation of ߙఙ between -90o and +90o can be attributed to the high strength of sand along
the deposition direction and the lower strength along the bedding plan. Further this can be
explained by the amount of maximum shear stress applied on the horizontal plan (߬௭ఏ௫ ), in the
no rotation case it is zero and during smooth rotation of ߙఙ between-90o and +90o it is 22.5 kPa.
During smooth rotation of ߙఙ between -30o and +30o and smooth rotation of ߙఙ between
-60o and +60o the ߬௭ఏ௫ is nearly equal (34.6 kPa and 34.7 kPa respectively), and the rate of
excess pore pressure accumulation during these two tests can by illustrated by using the above
explanation of position of principal stress refered to the deposition direction or bedding plan and
the duration of imposed ߬௭ఏ௫ on the specimen which is high during smooth rotation of
ߙఙ between -60o and +60o compared to smooth rotation of ߙఙ between -30o and +30o. These
observations are consistent with the results reported by Logeswaran (2010), but for an
intermediate principal stress parameter ܾఙ = 0.
Fig. 5.19 shows the variation of induced maximum shear strain ߛ௫ during cyclic
loading with smooth rotation of ߙఙ . The developed ߛ௫ is small until the stress state reaches the
PT line, and significant levels of strains develop upon reaching the PT state. The test conducted
with no rotation of principal stress generates only 0.16% of ߛ௫ at the end of 60th cycle and the
test corresponding to smooth rotation of ߙఙ between -45o and +45o repersents the fastest strain
accumulation. All the other scenarios fall in between these two extremes and the differences in
the rate of strain accumulation can be explained by the reasons disscused to explain the excess
pore pressure response.
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Fig. 5.19 Excess pore pressure and maximum shear strain response of Fraser River sand
during cyclic loading with smooth rotation of ߙఙ from ߙఙ ൌ Ͳι
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5.4.2 Behaviour for ࢻ࣌ࢉ ൌ ι
Fig 5.20 shows the torsional shear stress applied on the horizontal plan during smooth
rotation of ߙఙ from ߙఙ = 30o. Even though ߬௭ఏೌೣ is equal to 34.6 kPa for the ȟߙఙ  ൌ 0, 30o and
60o, their variation within cycle is different. The ȟߙఙ ൌ Ͳ applies 34.6 kPa of ߬௭ఏೌೣ during
both half cycles whereas the ȟߙఙ ൌ ͵Ͳ applies 34.6 kPa of ߬௭ఏೌೣ only during first half cycle
and 10 kPa during the other half cycle, and the ȟߙఙ ൌ Ͳ applies 17.3 kPa of ߬௭ఏೌೣ only
during first half cycle and 34.6 kPa during the other half cycle. During ȟߙఙ = 45o and 90o tests
23.5 kPa and 35.3 kPa of ߬௭ఏೌೣ applied respectively.
Fig. 5.21 shows the comparison of number of cycle required for liquefaction during
different level of principal stress rotation from ߙఙ = 30o. The observations indicate that the
lowest cyclic resistant occurs when the principal stress rotates 45o about the initial position (ߙఙ
= 30o).

Fig 5.20 Shear stress on the horizontal plan during smooth rotation of ߙఙ from ߙఙ ൌ ͵Ͳι
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Fig. 5.21 Comparison of number of cycle required for liquefaction during ߙఙ ൌ ͵Ͳι
The excess pore pressure response shows (Fig. 5.22) that the test with ȟߙఙ = 45o
experienced the highest rate of excess pore pressure accumulation. The lowest rate of excess
pore pressure accumulation is for the test with no rotation of ߙఙ or in other words the test in
which the major principal stress is kept along the initial position (ߙఙ = 30o). The sand
ᇱ
experiences approximately 46kPa of excess pore pressure which is 23% of ߪ
, at the end of 60th

cycle. Eventhough ߬௭ఏೌೣ is equal for both ȟߙఙ = 30o and ȟߙఙ = 60o tests, the rate of excess
pore pressure accumulation during ȟασ = 60o test is higher than the rate of accumulation during
the ȟߙఙ = 30o test. This difference in excess pore pressure accumulation can be attributed to the
higher strength of the sand along the deposition direction, and to the effects of stress rotation
given the anisotropy. In the test with ȟߙఙ = 30o the major principal stress is oriented along the
vertical direction and at ߙఙ ൌ Ͳι when the cyclic shear stress is at its maximum value during
each half cycles. On the other hand, in the ȟߙఙ = 60o test the major principal stress is oriented
along the bedding plane and ߙఙ ൌ ͵Ͳι at the instant of the peak shear stress. The larger
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magnitude of stress rotation, and the alignment of the major principal stress along the bedding
plane contribute the larger pore water pressure generation and weaker response in the ȟߙఙ = 60o
test. Pore water pressure generation in the ȟߙఙ = 90o test was marginally faster than the ȟߙఙ =
30o test in this series of tests (when stress rotation was about an axis inclined at ͵Ͳι to vertical).
ȟߙఙ = 90o test invlolves much larger stress rotation, and the peak cyclic shear stresses occur
when major principal stress direction is inclined at ߙఙ ൌ Ͳι during each half cycles compared
to at ߙఙ ൌ Ͳι and Ͳι in the ߙఙ ൌ ͵Ͳι test.
Even though ߬௭ఏೌೣ is almost equal, the rate of excess pore pressure accumulation during
rotation of ȟߙఙ = 90o is much higher than the test with no change in the major principal stress
direction. This observation may be explained by the nature of major principal stress rotation. For
the 90o rotation major principal stress crosses the weakest bedding plane and the strongest
deposition direction alternately whereas for the no rotation case fixed at 30o and no such crossing
occurs or in other words no stress reversal occurs during the no rotation case where as stress
reversal occurs during the 90o rotation case where compression and extention mode of loading is
applied alternately. This kind of behaviour is already noted for the ߙఙ = 0o and ȟߙఙ = 0o case.
The variation of the maximum shear strain (ߛ௫ ) developed with number of loading
cycles shows (Fig. 5.22) that the test conducted with no rotation of principal stress generates
only 0.12% of ߛ௫ at the end of 60th cycle. The test corresponding to smooth rotation of ߙఙ =
45o repersents the fastest strain accumulation. All the other scenarios fall in between these two
extreams and difference in the rate of accumulation can be explained by the reasons disscused to
explain the excess pore pressure response.
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Fig. 5.22 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with smooth rotation of ߙఙ from ߙఙ ൌ ͵Ͳι
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5.4.3 Behaviour for ࢻ࣌ࢉ ൌ ι
Fig 5.23 shows the torsional shear stress applied on the horizontal plane during smooth
rotation of ߙఙ from ߙఙ = 45o. Since the major principal stress at the instant of peak cyclic stress
is orientated at 45o from horizontal plane for ȟߙఙ ൌ Ͳ and 90o, the maximum torsional shear
stress, ߬௭ఏೌೣ required is the same in both cases (40 kPa) but their variation within the cycle is
different as seen in the Figure. During the ȟߙఙ ൌ Ͳ test both half cycles applies 40 kPa of
߬௭ఏೌೣ whereas during the ȟߙఙ ൌ ͻͲ test, the compression cycle applies only 7.1 kPa, and the
extension cycle applies 40 kPa of ߬௭ఏೌೣ . In comparison, ߬௭ఏೌೣ during the ȟߙఙ = 30o, 45o and
60o tests is 21.3 kPa, 14.1 kPa and 20 kPa respectively.
Fig. 5.24 shows a comparison of the number of cycle required for liquefaction during
different level of principal stress rotation from ߙఙ ൌ Ͷͷι. The observations indicate that the
lowest cyclic resistant occurs when the principal stress rotates by 45o about the initial position
(ߙఙ = 45o).

Fig 5.23 Shear stress on the horizontal plan during smooth rotation of ασ from ߙఙ ൌ Ͷͷι
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Fig. 5.24 Comparison of number of cycle required for liquefaction during ߙఙ ൌ Ͷͷι
The excess pore pressure response shows (Fig. 5.25) that the οߙఙ = 45o test experiences
the highest rate of excess pore pressure accumulation. The lowest rate of excess pore pressure is
accumulated for the test with no rotation of ߙఙ (i.e. when the major principal stress is kept along
the initial position at ߙఙ = 45o). The sand experiences approximately 40 kPa of excess pore
ᇱ
pressure which is 20% of ߪ
at the end of the 60th cycle. It is noted that ߬௭ఏೌೣ is nearly equal

in both the ȟߙఙ = 30o and the ȟߙఙ = 60o tests. The rate of accumulation of excess pore pressure
is approximately same in these two tests since the peak cyclic stress occurs at inclinations of
ߙఙ ൌ ͳͷι and ͷι in both tests. On the other hand, even though the ߬௭ఏೌೣ is equal in the ȟߙఙ =
0o (no rotation) and the ȟߙఙ ൌ ͻͲι tests, the rate of excess pore pressure accumulation during
the ȟߙఙ ൌ ͻͲι test is higher than the rate of excess pore pressure accumulation during no
rotation because of the significant differences in stress rotation. During the ȟߙఙ ൌ ͻͲι test major
principal stress crosses the weakest bedding plane and the strongest deposition direction
alternately, where as for the no rotation case (ȟߙఙ = 0o) no such crossing occurs. In other words
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no stress reversal occurs during the no rotation case where as stress reversal occurs during the
90o rotation test causes compression and extention mode of loading applied alternately. As noted
earlier, the variation of shear strain development follows that of the excess pore pressure
development (Fig. 5.25). The test conducted with no rotation (ȟߙఙ = 0o) of principal stress
generates only 0.43% of ߛ௫ at the end of 60th cycle. The test corresponding to ȟߙఙ = 45o
repersents the fastest strain accumulation.

Fig. 5.25 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with smooth rotation of ߙఙ from ߙఙ ൌ Ͷͷι
97

5.4.4 Behaviour for ࢻ࣌ࢉ ൌ ι
Fig 5.26 shows the torsional shear stress applied on the horizontal plan during smooth
rotation of ߙఙ from ߙఙ = 60o. Even though ߬௭ఏೌೣ is equal to 34.6 kPa for the οߙఙ = 0, 30o and
60o, the variation within the load cycle is different. The οߙఙ ൌ Ͳ test applies 34.6 kPa of
߬௭ఏೌೣ  during both half cycles whereas the οߙఙ ൌ ͵Ͳ applies 10 kPa of ߬௭ఏೌೣ  only during
first half cycle and 34.6kPa during the other half cycle. The οߙఙ ൌ Ͳ test applies 34.6 kPa of
߬௭ఏೌೣ only during first half cycle and 17.3 kPa during the other half cycle. The ߬௭ఏೌೣ during
the οߙఙ = 45o and 90o tests is 23.5 kPa and 35.3 kPa respectively.
Fig. 5.27 shows the comparison of number of cycle required for liquefaction during
different level of principal stress rotation from ߙఙ = 45o. Similar to the previous cases, test
results indicate that the lowest cyclic resistance occurs when the principal stress rotates by 45o
about the initial position (ߙఙ = 60o).

Fig 5.26 Shear stress on the horizontal plan during smooth rotation of ασ from ߙఙ ൌ Ͳι
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Fig. 5.27 Comparison of number of cycle required for liquefaction during ߙఙ ൌ Ͳι
The excess pore pressure response shows (Fig. 5.28) that the ȟߙఙ = 45o test experiences
the heighest rate of excess pore pressure accumulation. The lowest rate of excess pore pressure is
accumulated for the test with no rotation of ߙఙ (i.e. when the major principal stress is kept along
the initial position at ߙఙ ൌ Ͳι). The sand experiences approximately 46 kPa of excess pore
ᇱ
pressure which is 23% of ߪ
at the end of 60th cycle. As before, ߬௭ఏೌೣ is equal in both

ȟߙఙ ൌ ͵Ͳι and ȟߙఙ = 60o tests. However, the rate of strain/excess pore pressure accumulation
during ȟߙఙ ൌ ͵Ͳι is higher than the rate of accumulation in the ȟߙఙ ൌ Ͳι test. This difference
can be attributed to the higher strength of the sand along the deposition direction. ȟߙఙ ൌ ͵Ͳι test
aligns the major principal stress along ߙఙ ൌ ͵Ͳι and 90ι (weakest bedding plane) at the instant
of the maximum cyclic shear stress but ȟߙఙ ൌ Ͳι test aligns the major principal stress along
ߙఙ ൌ Ͳι (strongest deposition direction) and 60ι. Even though ߬௭ఏೌೣ is almost equal during the
no rotation (ȟߙఙ ൌ Ͳι) and ȟߙఙ ൌ ͻͲι test, the rate of excess pore pressure accumulation is
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higher in the ȟߙఙ ൌ ͻͲιtest due to stress rotation. In the ȟߙఙ ൌ ͻͲι test, the major principal
stress crosses the weakest bedding plane and the strongest deposition direction alternately
whereas for the stress directions are fixed at 60o and no such crossing occurs in the ȟߙఙ ൌ Ͳι
test. The variation of induced maximum shear strain (ߛ௫ ) shows (Fig. 5.28) that the test
conducted with no rotation of principal stress generates only 0.26% of ߛ௫ at the end of 60th
cycle. The test corresponding to smooth rotation of ȟߙఙ ൌ Ͷͷι repersents the fastest strain
accumulation. All the other scenarios fall in between these two extremes as noted in the previous
series.

Fig. 5.28 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with smooth rotation of ߙఙ from ߙఙ ൌ Ͳι
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5.4.5 Behaviour for ࢻ࣌ࢉ ൌ ૢι
Fig 5.29 shows the torsional shear stress applied on the horizontal plan during smooth
rotation of ߙఙ from ߙఙ = 90o. Since the major principal stress is oriented along the horizontal
bedding plane during the οߙఙ ൌ Ͳι, there is no torsional shear stress applied on the horizontal
plane. The ߬௭ఏೌೣ in the ȟߙఙ ൌ ͵Ͳ and Ͳι tests is almost equal but the variation within the
cycle is different. The ȟߙఙ ൌ Ͷͷ test causes symmetrical loading about the horizontal plane, and
requires the maximum torsional shear stress amplitude of ߬௭ఏೌೣ ൌ ͶͲ݇ܲܽ, whereas the
ȟߙఙ ൌ ͻͲ test requires a ߬௭ఏೌೣ ൌ ʹʹǤͷ݇ܲܽ.
Fig. 5.30 shows the comparison of number of cycle required for liquefaction during
different level of principal stress rotation from ߙఙ = 90o. As in the previous series of tests, test
results indicate that the lowest cyclic resistance occurs when the principal stress rotates by 45o
about the initial position of ߙఙ ൌ ͻͲι.

Fig 5.29 Shear stress on the horizontal plan during smooth rotation of ασ from ߙఙ ൌ ͻͲι
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Fig. 5.30 Comparison of number of cycle required for liquefaction during ߙఙ ൌ ͻͲι

Fig. 5.31 shows that the excess pore pressure and strain development responses are similar
to those those observed in the earlier series of tests. The ȟߙఙ = 45o test experiences the highest
rate of excess pore pressure accumulation, and the the test with no rotation of ߙఙ (i.e. when the
major principal stress is kept along the bedding plane) experiences the lowest rate of pore
pressure/strain accumulation. The sand experience approximately 52 kPa of excess pore pressure
ᇱ
which is 26% of ߪ
at the end of 60th cycle when there was no stress rotation, but it generated

over 90% of excess pore pressure in the other tests (those involving stress rotation) and liquefied
from 7 to 27 cycles depening on the degree of stress rotation. Even though ߬௭ఏೌೣ is almost
equal for both ȟߙఙ ൌ ͵Ͳι and ȟߙఙ ൌ Ͳι tests, the test with ȟߙఙ ൌ ͵Ͳι rotation shows
somewhat faster pore water pressure generation. This can be attributed to the orientation of the
major principal stress at the instant of the peak cyclic shear stress as in the earlier cases (ߙఙ ൌ
Ͳι in the ȟߙఙ ൌ ͵Ͳι test as opposed to ߙఙ ൌ ͵Ͳι in the ȟߙఙ ൌ Ͳι test). However, the
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differences have been minor, and eventually both of them liquefied at the same number of cycles
which demonstrates the effect of the additional stress rotation. As noted in each of the earlier
series of tests, rate of pore water pressure and strain development is higher in the ȟߙఙ ൌ ͻͲι test
compared to the ȟߙఙ ൌ Ͳι (no rotation) test.
Only about 0.33% maximum shear strain (ߛ௫ ) was mobilized after 60 cycles of loading
at CSR = 0.20 when there was no stress rotation (Fig. 5.31). However, the specimen liquefied
(i.e., generated in excess of 3.75% shear strain) under all other conditions within about 27 cycles,
and the test corresponding to ȟߙఙ = 45o was the weakest.

Fig. 5.31 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with smooth rotation of ߙఙ from ߙఙ ൌ ͻͲι
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5.5 INFLUENCE OF ࢻ࣌ࢉ ON CYCLIC BEHAVIOUR OF SAND
Test results are presented in order to study the effect of direction of major principal stress
at the end of consolidation (ߙఙ ሻ on the liquefaction resistance of sand during cyclic loading at a
fixed cyclic stress ratio of 0.20. Test results of specimens subjected to a given amount of
principal stress rotation (about different axis) are compared in this section. The observations
indicate that the cyclic resistance of sands at a given CSR (defined as a ratio of the maximum
cyclic shear stress to the effective normal stress) depends on the magnitude of the maximum
torsional shear stress applied on the horizontal plane ߬௭ఏೌೣ . Plots showing the development of
maximum shear strain and excess pore pressure with number of loading cycles at each οߙఙ level
are shown in Appendix B.
5.5.1 Behaviour for οࢻ࣌ ൌ ι
Fig. 5.32 shows the variation of torsional shear stress ߬௭ఏ applied on the horizontal plane of
the specimen when the cyclic loading was applied along fixed inclinations of principal stresses.
These tests have been termed ȟߙఙ ൌ Ͳι tests in the previous section, and represent the effect of
the principal stress directions on the cyclic response of soils. Five tests at principal stress
directions of ߙఙࢉ = 0o, 30o, 45o, 60o and 90o were conducted. No torsional shear stress ߬௭ఏ is
required for the first and last cases (ߙఙ ൌ Ͳι and ͻͲι) and rectified sine-wave loading with a
߬௭ఏೌೣ ൌ ͵ͶǤ݇ܲܽ is required for ߙఙ ൌ ͵Ͳι and Ͳι tests, and a ߬௭ఏೌೣ of 40 kPa is required
for the test at ߙఙ ൌ Ͷͷι.
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Fig 5.32 Shear stress on the horizontal plan during no rotation for different ࢻ࣌ࢉ
None of the specimens liquefied when the tests were terminated, and comparisons are
made at the end of 60 load cycles in this section. Fig. 5.33 shows the induced excess pore
ᇱ
after
pressure ration during cyclic loading. The least amount of excess pore pressure (20% of ߪ

60 cycles) is generated when the major principal stress direction was along the deposition
ᇱ
after 60
direction (ߙఙ = 0). Interestingly, the next lowest pore pressure generation (26% of ߪ

cycles) corresponds to the test where the major principal stress direction was along the bedding
planes (ߙఙ = 90). A common feature for both of tests is that no shear stress is applied on the
horizontal (bedding) planes during the test
Even though the CSR and the maximum torsinal shear stress on the horizontal plane are
identical in the ߙఙ = 30o, and 60o tests, the excess pore pressure generation in the ߙఙ = 60o test
is twice that of the ߙఙ = 30o test (approximately 23% vs 47%). Clearly, alignment of the major
principal stress toward the bedding plane causes higher excess pore water pressure generation.
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This observation also confirms the formation of anisotropy in soil structure with weaker plane
along the bedding plane.
The test at ߙఙ = 45

o

shows somewhat lower rate of excess pore pressure development

compared to the test at ߙఙ = 60o. The maximum torsional shear stress on the horizontal plane is
slightly higher in the ߙఙ ൌ Ͷͷι test, but as noted earlier tests at ߙఙ ൌ Ͷͷι were conducted at
intermediate principal stress parameter ܾఙ ൌ Ͳ (representing axysymmetric conditions) and all
other tests were conducted at ܾఙ ൌ ͲǤͶ (representing plane strain conditions). Both, the higher ܾఙ
value and more closer orientation along the bedding plane would have contributed to the
relatively weaker response in the ߙఙ = 60o test. But the differences have been minor, and this
suggests that the higher torsional shear stress on the horizontal plane counteracts the effects of
higher b and ߙఙ somewhat.

Fig. 5.33 Comparison of excess pore pressure ratio at the end of 60th cycle during οߙఙ ൌ Ͳι
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5.5.2 Behaviour for οࢻ࣌ ൌ ι
Fig. 5.34 shows the variation of torsional shear stress (߬௭ఏ ) applied on the horizontal plane
of the specimen during the application of cyclic loading with fixed rotation of ȟߙఙ ൌ ͵Ͳι but
about initial principal stress inclinations of ߙఙ = 0o, 30o, 45o, 60o and 90o for cyclic loading at
CSR = 0.2.
Both ߙఙ = 0o and 90o tests require similar shear stress history on the horizontal plane, but
in opposite directions. The torsional shear stress applied on the horizontal plane has the same
peak value of 34.6 kPa but during ߙఙ = 0o first half cycle is in compression mode and other half
cycle is in extension mode whereas during ߙఙ = 90o it is vice versa. Hence test with ߙఙ = 0o
and 90o liquefy in 14 and 9 cycles respectively (Fig. 5.35). This response can clearly be
attributed to the inclination of the major principal stress direction along the weaker bedding
plane in the ߙఙ = 90o test.
Even though ߙఙ = 30o and 60o tests subjected to οȽ ൌ ͵Ͳι require the same ߬௭ఏೌೣ ൌ
͵ͶǤι their trend of variation is different from that of ߙఙ = 0o and 90o. The ߙఙ = 0o and 90o
tests show same maximum shear stress during both half cycles of the cycle where as ߙఙ = 30o
and 60o tests show 34.6 kPa maximum shear stress during one half cycle and 10 kPa during the
other half cycle. Sand liquefied in 19 and 12 cycles respectively (Fig. 5.35) for these tests and the
lower number of cycles to liquefaction in the ߙఙ ൌ Ͳι test is expected given the orientation of
the initial principal stress directions.
The ߬௭ఏೌೣ for the test with ߙఙ = 45o

is equal to 21.3 kPa. This cause the strongest

behaviour in addition to the adverse effect of ܾఙ =0 and liquefy the specimen in 18 cycles (Fig.
5.35).
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Fig 5.34 Shear stress on the horizontal plan during οߙఙ ൌ ͵Ͳι rotation for different ߙఙ

Fig. 5.35 Comparison of number of cycle required for liquefaction during οߙఙ ൌ ͵Ͳι
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5.5.3 Behaviour for οࢻ࣌ ൌ ι
Fig. 5.36 shows the variation of torsional shear stress (߬௭ఏ ) applied on the horizontal plane
of the specimen during the application of cyclic loading with fixed rotation of ȟߙఙ ൌ Ͷͷι but
about initial principal stress inclinations of ߙఙ = 0o, 30o, 45o, 60o and 90o for cyclic loading at
CSR = 0.2. Stress rotation about the Ͷͷι inclination is a special case as it involves repeated
sequential activation of the weaker and stronger modes of response during cyclic shearing.
Both ߙఙ = 0o and 90o tests require similar shear stress history on the horizontal plane
(߬௭ఏೌೣ ൌ ͶͲ), but with a phase shift of ͳͺͲι. Thus the loading history is fairly similar and
the number of cycles to liquefaction reflects that (8 vs 7 cycles). The marginally weaker response
in the ߙఙ = 90o test is because the loading starts along the weaker direction in the first half
cycle (subsequent loading mirrors that of ߙఙ = 0o test). Both ߙఙ = 30o and 60o tests require the
same ߬௭ఏೌೣ ൌ ʹ͵Ǥͷ݇ܲܽ, but with different variation within the cycle. The differences in cyclic
strength has been fairly minor as the sand liquefied in 7 and 9 cycles respectively (Fig. 5.37).
The test at ߙఙ = 45o shows relatively higher resistance (16 cycles to liquefaction) compared to
all other tests, but as noted previously the stronger behaviour is mainly due to the axisysmmetric
stress conditions compared to the plane strain conditions in the other tests in addition to the
relatively smaller ߬௭ఏೌೣ ሺͳͶǤͳሻ.
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Fig 5.36 Shear stress on the horizontal plan during οߙఙ ൌ Ͷͷι rotation for different ߙఙ

Fig. 5.37 Comparison of number of cycle required for liquefaction during οߙఙ ൌ Ͷͷι
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5.5.4 Behaviour for οࢻ࣌ ൌ ι
Fig. 5.38 shows the variation of torsional shear stress (߬௭ఏ ) applied on the horizontal plane
of the specimen during the application of cyclic loading with fixed rotation of ȟߙఙ ൌ
Ͳι   of ߙఙ = 0o, 30o, 45o, 60o and 90o for
cyclic loading at CSR = 0.2.
As in the ȟߙఙ ൌ ͵Ͳι test discussed earlier, both ߙఙ = 0o and 90o tests require similar
shear stress history on the horizontal plane, but in opposite directions. A ߬௭ఏೌೣ ൌ ͵ͶǤ was
applied in the ߙఙ = 0o test in compression mode first half cycle and in extension mode during
the other half, whereas in the ߙఙ = 90o test the first half cycle is in extension mode and the
second half in compression mode. Thus the cyclic resistance is fairly similar, and the sand at ߙఙ
= 0o and 90o liquefied in 10 and 9 cycles respectively (Fig. 5.39).
Even though the tests at ߙఙ = 30o and 60o require the same ߬௭ఏೌೣ ൌ ͵ͶǤ on the
horizontal plane, their variation within the cycle is different from that of ߙఙ = 0o and 90o. The
ߙఙ = 0o and 90o tests show same maximum shear stress during both half cycles whereas ߙఙ =
30o and 60o tests show 34.6 kPa maximum shear stress during one half cycle and 17.3 kPa during
the other half cycle. Since the maximum shear stress of 34.6 kPa (on the weakest plane) is
encountered only once during each cycle in these tests (as opposed to twice in the ߙఙ = 0o and
90o tests) higher cyclic resistance is expected, and the results showing liquefaction in 12 cycles
(Fig. 5.39) match the expected response. As noted earlier, two factors (1) relatively smaller
߬௭ఏೌೣ ሺʹͲሻ and (2) adverse effect of ܾ = 0 stress condition contribute to higher cyclic
resistance for the test with ߙఙ = 45o which liquefied in 19 cycles (Fig. 5.39).
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Fig 5.38 Shear stress on the horizontal plan during οߙఙ ൌ Ͳι rotation for different ߙఙ

Fig. 5.39 Comparison of number of cycle required for liquefaction during οߙఙ ൌ Ͳι
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5.5.5 Behaviour for οࢻ࣌ ൌ ૢι
Fig. 5.40 shows the variation of torsional shear stress (߬௭ఏ ) applied on the horizontal plan
of the specimen during the application of cyclic loading with fixed rotation of ȟȽ ൌ
ͻͲι   ߙఙ = 0o, 30o, 45o, 60o and 90o for cyclic
loading at CSR = 0.2.
The torsional shear stress applied on the horizontal plane has the same peak value of 22.5
kPa but during ߙఙ = 0o first half cycle is in compression mode and other half cycle is in
extension mode whereas during ߙఙ = 90o it is vice versa. The peak cyclic stress in the ߙఙ =
90o test is applied when the major principal stress is vertical, and in the ߙఙ = 0o test when the
major principal stress is horizontal. The test with ߙఙ = 0o and 90o require 15 and 27 cycles
respectively to liquefy (Fig. 5.41). This difference can be attributed to the the lower strength of
the sand along the bedding plane which is occurs ߙఙ = 0o test and higher strength of the sand
along the deposition direction which is occurs ߙఙ = 90o test (given the stress rotation amplitude
of 90o). The ߙఙ = 30o and 60o tests show a maximum torsional shear stress equal to 35.3 kPa,
and liquefy in 18 cycles (Fig. 5.41), but because of the effect of the direction of the major
principal stress noted earlier the ߙఙ = 0o shows the weakest response in this series.

5.6 SUMMARY
The findings of the study carried out to investigate the monotonic and cyclic behaviour of
Fraser River sand under smooth principal stress rotation using HCT device are presented in this
chapter. The series of experiments were aimed to better understand the influence of initial
direction of principal stress, and the influence of the level of rotation on the liquefaction
resistance. The results of the series of experiments yield the following conclusions.
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Fig 5.40 Shear stress on the horizontal plan during οߙఙ ൌ ͻͲι rotation for different ߙఙ

Fig. 5.41 Comparison of number of cycle required for liquefaction during οߙఙ ൌ ͻͲι
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The test carried out to study the influence of level of rotation on cyclic liquefaction
resistance of Fraser River sand specimen clearly indicates that irrespective of the initial principal
stress direction, the lowest cyclic resistance corresponds to 45o rotation of principal stress about
its initial position. This finding appears to be consistent with the finding in the literature for
initial principal stress direction oriented along the vertical deposition direction (Logeswaran,
2010 and Manmatharajan, 2011). This observation may be explained by the concept of “induced
anisotropy” which results during the shearing of the specimen.
Only during 45o rotation of principal stress both the major principal stress and the minor
principal stress will align along a particular direction irrespective of the initial direction of the
principal stress. According to the induced anisotropy concept proposed by Oda et al. (1985), in
non-spherical particles the direction of contact normals tend to align with the direction of major
principal stress and the longitudinal axis of the particles tends to align along the minor principal
stress direction. Since for the 45o rotation of principal stress case in a particular direction major
and minor principal stress is acted alternately at their maximum rotation during a cycle. This
causes fabric changes during shearing (induced anisotropy) in sand specimen and change the
physical configuration of the soil structure alternately. This could potentially weaken the soil
specimen and cause liquefaction in less number of cycles.
As indicated in the literature direction of major principal stress with reference to the
weakest horizontal plane plays an important role in determining the cyclic liquefaction resistance
of sands. However, when principal stress directions continually change, the orientation of the
major principal stress at the instant of peak cyclic stress seems to be a critical parameter in
controlling the cyclic strength. Fraser River sand exhibits higher cyclic resistance when the
nature of the rotation of principal stress causes ߪଵ along the deposition direction (ߙఙ ൌ
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ͻͲιǡ ȟߙ ൌ ͻͲιݐݏ݁ݐሻwhereas the cyclic resistance reduces drastically when the rotation aligns ߪଵ
along the bedding plane (ߙఙ ൌ Ͳιǡ ȟߙ ൌ ͻͲιݐݏ݁ݐሻ. Further the magnitude of the torsional shear
applied on the horizontal plane and the nature of the time history (duration of that near maximum
߬௭ఏ ሻ also affects the cyclic resistance of the specimen. Finally the manner of rotation (with or
without stress reversals) also influences the behaviour of sand as seen in the tests with no
principal stress rotation (ȟߙ ൌ Ͳι) or those with 90o rotation.
The test carried out to study the influence of initial direction of principal stress on cyclic
liquefaction resistance of Fraser River sand specimen clearly indicates that the cyclic resistance
of sand depends on the magnitude of ߬௭ఏೌೣ and the trend of the variation of torsional shear
stress on the horizontal plane. Reason for the behaviour compared over the same ߬௭ఏೌೣ may be
explained by the differences in the direction of major principal stress with reference to the
weakest horizontal plane. In some special scenarios, for example the behaviour of ߙఙ ൌ Ͳι and
90o with rotation of 90o, the actual nature of principal stress rotation also influences the
behaviour of cyclic liquefaction resistance.
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6. PORE PRESSURE GENERATION UNDER GENERALIZED
LOADING
6.1 INTRODUCTION
Pore pressure generation during undrained loading plays an important role in geotechnical
engineering since it is responsible for the reduction in the effective stress, and thus directly
affects the undrained strength of soils. The amount of pore pressure induced due to a given
change in total stress has generally been divided into two components: firstly a component due to
the overall total stress increment (represented by ȟߪଷ or ȟߪ ), and secondly a component that
represents the shear (represented by ȟߪௗ or ȟ߬௧ ) induced excess pore water pressure. As
discussed in chapter 2, different approaches have been used in practice to quantify the excess
pore pressure induced due to a change in total stress in terms of principal stress increments. The
theoretical formulations (Skempton 1954; Henkel 1960) were based on presumed isotropic
behaviour in soils, and experimental validations of these propositions have been limited to
simpler loading conditions (e.g., triaxial compression, extension) only. Verification of the
validity of these approaches under generalized field loading conditions in transversely isotropic
material would be of significant value to the practice. To the best of my knowledge, no attempt
has been made to date to evaluate the applicability of these concepts under generalized three
dimensional loading conditions. This chapter presents the results of a series of tests conducted to
assess whether the formulations can be applicable under three-dimensional loading.

117

6.2 ANALYTICAL FORMULATIONS FOR PORE PRESSURE GENERATION IN AN
ELASTIC MATERIAL

As discussed in chapter 2, Skempton (1954) proposed that an isotropic increment of
stresses in a saturated soil generates pore pressure equal to the magnitude of the stress
increments. This proposition has been well established in the literature for hydrostatic initial
states. Experiments reported herein demonstrate that the formulation holds true under
generalized loading conditions with an arbitrary value of intermediate principal stress, and the
direction of the major principal stress even in soils that do not have an isotropic fabric. Several
studies in the literature indicate that water deposited sands have a transversely isotropic (called
cross anisotropic by some researchers) fabric, and that the horizontal plane is a plane of isotropy.
The relationship between principal stresses and strains for an elastic cross- anisotropic
material is generally expressed as ሼȟ߳ሽ ൌ ሾܥሿሼȟߪሽwhere ሾܥሿ is the compliance matrix. In
general form this equation is
ܿଵଵ
οߝଵଵ
οߝ
 ଶଶ ൩ ൌ  ܿଵଶ
ܿଵଶ
οߝଷଷ

ܿଵଶ
ܿଷଷ
ܿଵଷ

ᇱ
ܿଵଶ οߪଵଵ
ᇱ
ܿଵଷ ൩ οߪଶଶ 
ᇱ
ܿଷଷ οߪଷଷ

ሺǤǤͳሻ

6.2.1 Hydrostatic stress increment in a transversely isotropic soil
The vertical axis is an axis of symmetry in most cross-anisotropic (transversely isotropic)
soils, and considering an isotropic stress increment the equation can be written using commonly
understood parameters as
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Thus

ሺȟ߳௩  ʹȟ߳ ሻ ൌ  ቈ

ሺͳ െ Ͷߥ௩ ሻ ʹሺͳ െ ߥ ሻ

 ȟߪ ᇱ
ܧ௩
ܧ

ሺǤǤ͵ሻ

In other words,
ሺͳ െ Ͷߥ௩ ሻ ʹሺͳ െ ߥ ሻ
ሺȟ߳௩  ʹȟ߳ ሻ  ൌ  ቈ

ሺȟߪ െ ȟݑሻ
ܧ௩
ܧ

ሺǤǤͶሻ

The total volume remains constant when a fully saturated soil is subjected to truly
undrained loading. The increase in pore water pressure ȟ ݑwill cause a change in the pore water
volume, ȟܸ which is given by ȟܸ Τܸ ൌ  ܥ௪ ȟ ݑwhere ܥ௪ is the compressibility and ܸ the
volume of the pore fluid respectively. For a hydrostatic total stress increment ȟߪ the change in
effective stress is also hydrostatic and is given byȟߪ ᇱ ൌ ȟߪ െ ȟݑ. The volumetric strain of the
soil skeleton ȟ߳௩ ൌ  ȟܸΤܸ ൌ ȟ߳ଵ  ȟ߳ଶ  ȟ߳ଷ . In a transversely isotropic material with a
vertical axis of symmetry, this reduces to ȟ߳௩ ൌ ȟܸΤܸ ൌ ȟ߳௩  ʹȟ߳ . For a soil element with
porosity, ݊ the volume change components (pore fluid & soil skeleton) will be

ȟܸ ൌ

ܥ௪ ܸ݊ ȟ ݑand ȟܸ ൌ ሺȟ߳௩  ʹȟ߳ ሻܸ. For a truly undrained test, ȟܸ ൌ ȟܸ, and thus ሺȟ߳௩ 
ʹȟ߳ ሻ ൌ ܥ௪ ݊ȟݑ. This leads to the generalized equation for pore pressure generation in a
transversely isotropic soil under hydrostatic stress increment
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is the volumetric compressibility ܥ௦ିଷ of the soil skeleton

and if the soil is assumed to be isotropic ሺ ܧൌ ܧ௩ ൌ ܧ Ƭߥ௩ ൌ ߥ ൌ ߥሻ this equation will
simplify to the original Skempton’s formulation with ܥ௦௦ ൌ ͵ሺͳ െ ʹߥሻΤܧ
ܤൌ

οݑ
ͳ
ൌ
οߪ ͳ  ݊ܥ௪
ܥ௦௦

ሺǤǤሻ

Test results presented in this chapter demonstrating that the excess pore pressure
generation under generalized initial states is equal to the hydrostatic stress increment indicate
that compressibility of water ܥ௪ remains fairly negligible compared to ܥ௦ିଷ Ǥ
6.2.2 Non-hydrostatic stress increment in a transversely isotropic soil
When a non-hydrostatic stress increment in applied to the transversely isotropic soil
element, the principal strains can be determined from the following equation if principal stress
axis coincides with the material’s axis of symmetry ሺߙఙ ൌ ͲιͲͻݎιሻ
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Since ȟ߳௩ ൌ  ȟ߳ଵ  ȟ߳ଶ  ȟ߳ଷ, expanding the above equation leads to

ȟ߳௩ ൌ
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ܧ
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ሺǤǤͺሻ

and
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ቈ


ܧ
ܥ௪ ݊
ܧ௩

ሺǤǤͻሻ

Substituting ȟߪᇱ ൌ ȟߪ െ  ݅  ݑൌ ͳǤ Ǥ͵ yields

ȟ ݑൌ 

ͳ ሺͳ െ ߥ௩ ሻȟɐଵ െ ߥ௩ ሺȟɐଵ  ȟɐଶ  ȟɐଷ ሻ ሺͳ െ ߥ ሻሺȟɐଶ  ȟɐଷ ሻ
ቈ

ܥ௪ ݊
ܧ௩
ܧ
ሺͳ െ Ͷߥ௩ ሻȟʹ ݑሺͳ െ ߥ ሻȟݑ
െ
െ

ܧ௩
ܧ

ሺǤǤͳͲሻ


Rearranging yields an equation in terms of principal stress increments ȟɐଵǡ ȟɐଶ ȟɐଷ as
ͳ 
ȟ ݑൌ
ܥ௪ ݊

ሺͳ െ ߥ௩ ሻȟɐଵ െ ߥ௩ ሺȟɐଵ  ȟɐଶ  ȟɐଷ ሻ ሺͳ െ ߥ ሻሺȟɐଶ  ȟɐଷ ሻ

൨
ܧ௩
ܧ
ሺͳ െ Ͷߥ௩ ሻ ʹሺͳ െ ߥ ሻ

൰
൬ͳ 
ܥ௪ ݊ܧ௩
ܥ௪ ݊ܧ

ሺǤǤͳͳሻ

Clearly, excess pore pressure generation for a given stress increment ൫ȟɐଵǡ ȟɐଶǡ ȟɐଷ ൯ will
depend on the nature of anisotropy (i.e., relative values of ܧ௩ ǡ ܧ ǡ ߥ௩ ܽ݊݀ߥ ሻ and the
magnitude of the stress increments. For an isotropic material,  ܧൌ ܧ௩ ൌ ܧ Ƭߥ௩ ൌ ߥ ൌ ߥ and
thus the equation simplifies to

ο ݑൌ

ሺοߪଵ  οߪଶ  οߪଷ ሻ
݊ܥ௪ ܧ
͵
ሺͳ െ ʹߥሻ

ሺǤǤͳʹሻ

or

ο ݑൌ

ͳ
Ǥ ȟߪ
݊ܥ௪
ͳ
ܥ௦௦

ሺǤǤͳ͵ሻ

where ȟߪ ൌ  ሺοߪଵ  οߪଶ  οߪଷ ሻΤ͵ is the mean normal stress increment, and since
ͳ   ݊ܥ௪ Τܥ௦௦  ൎ ͳ for most saturated natural soils, the excess pore pressure generated will be
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equal to the mean normal stress increment for purely elastic materials. For simple 1-D loading,
the Skempton’s A value would thus be ͳȀ͵ as widely recognized in the literature.

Such

simplified formulation will not be possible under generalized three dimensional loading of an
elasto-plastic material and the formulation will have to include a complete  ൈ  compliance
matrix.
An alternate formulating, following Skempton’s hypothesis can be attempted by
considering the stress increment vector as the sum of the spherical and deviatoric stress vectors,
തതതതሿ ൌ  ሾȟߪ
തതതതௌுாோூ ሿ   ሾȟߪ
തതതതாூ்ைோூ ሿ
ሾȟߪ

ሺǤǤͳͶሻ

ȟߪଵ
ȟߪଷ
ȟߪଵ െ ȟߪଷ
൝ȟߪଶ ൡ ൌ ൝ȟߪଷ ൡ  ൝ȟߪଶ െ ȟߪଷ ൡ
ȟߪଷ
ȟߪଷ
Ͳ

ሺǤǤͳͷሻ

Using this formulation, equation 6.11 would take the form

ȟߪଷ
ʹ 
ȟ ݑൌ

ܥ௪ ݊
ܥ௪ ݊
ͳ
ሺͳ െ Ͷߥ௩ ሻ ʹሺͳ െ ߥ ሻ

ܧ௩
ܧ

ሺͳ െ ʹߥ௩ ሻȟɒଵଷ െ ߥ௩ ȟɒଶଷ ሺͳ െ ߥ ሻȟɒଶଷ

൨
ܧ௩
ܧ
ሺͳ െ Ͷߥ௩ ሻ ʹሺͳ െ ߥ ሻ
ሺǤǤͳሻ

൰
൬ͳ 
ܥ௪ ݊ܧ௩
ܥ௪ ݊ܧ

where ȟɒଵଷ ൌ ሺȟߪଵ െ ȟߪଷ ሻΤʹand ȟɒଶଷ ൌ ሺȟߪଶ െ ȟߪଷ ሻΤʹ are the maximum shear stresses
in the major-minor and intermediate-minor planes respectively. For a triaxial compression test,
ȟɒଶଷ ൌ Ͳ and equation 6.16 can be simplified as
ȟ ݑൌ ܤሾȟߪଷ  ܣȟߪௗ ሿ

ሺǤǤͳሻ

where

 ܤൌ ͳ ൘ͳ 

ܥ௪ ݊

ሺͳ െ Ͷߥ௩ ሻ ʹሺͳ െ ߥ ሻ

ܧ௩
ܧ

ሺǤǤͳͺሻ
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and

ܣൌ

ሺͳ െ ʹߥ௩ ሻ
ͳ
Ǥ
 ܤቀ ݊ ܥ ܧ ሺͳ െ Ͷߥ ሻ  ʹሺͳ െ ߥ ሻ ܧ௩ ቁ
௩ ௪
௩
 ܧ

ሺǤǤͳͻሻ



For a triaxial extension test, ȟɒଶଷ ൌ ȟɒଵଷ and thus the corresponding Skempton’s A parameter
will be
ܧ
ሺͳ െ ͵ߥ௩ ሻ  ሺͳ െ ߥ ሻ ௩
ͳ
ܧ
ܣൌ Ǥ
 ܤቀ ݊ ܥ ܧ ሺͳ െ Ͷߥ ሻ  ʹሺͳ െ ߥ ሻ ܧ௩ ቁ
௩ ௪
௩
 ܧ


ሺǤǤʹͲሻ

Equations 6.19 and 6.20 indicate that Skempton’s A value will not be equal under
compression and extension loading, even if the transversely isotropic material is purely elastic.
For an isotropic material, these formulations will simplify to equation 1.21 as formulated by
Skempton.

 ܤൌ

் ܣ

ͳ

݊ܥ௪
ͳ
ܥ௦௦

ͳ
ʹ
ൌ Ƭ்ܣா ൌ 
͵
͵

ሺǤǤʹͳሻ

These elastic formulations indicate that pore pressure parameters depend only on the
increments, and not on the initial effective stress states. It would be of interest to evaluate
whether this premise holds for natural soils, which in addition to being non-isotropic, possess
plastic deformation characteristics.
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6.3 TEST PROGRAM
Tests intended to explore the effect of initial effective stress ratio (i.e. static shear) and the
direction of principal stresses under plane strain loading conditions (as opposed to the
axisymmetric conditions that prevail in a triaxial test) on pore water pressure generation were
conducted using the HCT device. Two series of tests were conducted in this component of the
research. In the first series, different hydrostatic stress increments (ȟɐ ൌ ͷͲǡ ͳͲͲͳͷͲ
or ȟɐ ൌ ͷͲǡ ͷǡ ͳͲͲ) were applied to specimens at generalized, non-hydrostatic initial
states. These tests enable the determination of the relationship between the amount of excess
pore pressure generated and the hydrostatic stress increment under a generalized initial stress
state. Specimens were consolidated to a fixed value of intermediate principal stress parameter
ሺܾఙ ൌ ͲǤͶሻ, and different values of effective mean normal stress (ߪԢ ൌ ͷͲͳͲͲሻ,
inclination of major principal stress (ߙఙ ൌ ͲιͶͷι) and ݇ ranging from 1.0 to 3.0. The data
acquisition and control program applied the increments simultaneously such that there is no
change in the deviatoric stress applied to the specimen; ߪௗ ൌ ሺ݇ െ ͳሻ  ൈ ߪԢଷ remained a
constant throughout the loading sequence, and ȟߪ ൌ ȟߪଷ ൌ ȟߪ. The state of saturation in the
specimens was confirmed initially at a hydrostatic stress state, and the Skempton’s B value was
0.99 or better was ensured in all tests. The details of the tests conducted in this series, together
with the measured pore pressure increment are given in Table 6.1.
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Table 6.1 Initial and loading state of tests conducted under different total stress path for
Skempton’s “B” value test
Consolidation state

Loading state

Test No

“B”
Value

PP01A

PP01B

PP01C

“B”
Value

PP02A

ec

σ'mc (kPa)

kc

bc

ασc (Deg)

∆σ (kPa)

∆u (kPa)

∆u/∆σ

0.777

25

1.0

-

-

25

24.85

0.994

50

49.3

100

98.91

150

148.98

50

49.01

100

98.52

150

148.52

50

49.06

100

99.05

150

148.53

25

24.93

50

49.4

75

74.6

100

100

0.774

0.773

0.772

0.765

0.763

50

50

50

25

100

1.5

2.0

3.0

1.0

1.3

0.4

0.4

0.4

-

0.4

0

0

0

-

45

0.986
0.989
0.993
0.980
0.985
0.990
0.981
0.991
0.990
0.997
0.988
0.995
1.000
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PP02B

PP02C

PP02D

0.762

0.761

0.760

100

100

100

1.5

1.8

2.0

0.4

0.4

0.4

45

45

45

50

49.2

75

73.7

100

98.5

50

49.1

75

73.7

100

99.0

50

49.3

75

73.6

100

98.8

0.984
0.983
0.985
0.982
0.983
0.990
0.986
0.981
0.988

The second series of tests were intended to quantify shear (or deviatoric) stress induced
excess pore pressure generation, and evaluate the Skempton’s A and Henkel’s a parameters
under generalized loading conditions. Fully saturated specimens were consolidated to a fixed
value of intermediate principal stress parameter ሺܾఙ ൌ ͲǤͶሻ, and effective mean normal stress
(ߪԢ ൌ ͳͲͲሻ, and to different inclination of major principal stress ሺߙఙ ൌ Ͳιǡ ͶͷιƬͻͲιሻ
and initial effective stress ratio ሺ݇ ൌ ͳǤͲǡ ͳǤͷƬʹǤͲሻǤ
Table 6.2 details the test parameters used in this series of tests. Unlike the previous series
of tests where the stress increment was hydrostatic, specimens in this series were subjected to
two set of

non-hydrostatic stress increment vector given by ȟߪଵ ൌ ʹͷǡ ȟߪଶ ൌ ͳǤͷ,

ȟߪଷ ൌ ͳʹǤͷ and ȟߪଵ ൌ ͳͲͲǡ ȟߪଶ ൌ Ͳ, ȟߪଷ ൌ ͷͲ. The purpose using two
such set of stress increments was to evaluate the capability of the system in measuring shear
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induced excess pore water pressure at small stress increments. Both the direction of the major
principal stress ߙఙ and the value of the intermediate principal stress parameter ܾఙ remained
constant throughout the test. A staged testing approach was used to conduct the tests. At the end
of each test phase, the specimen was sheared drained to reach the initial ݇ level which requires
higher effective stress states. To maintain consistency in the testing program, this was done by
adjusting both intermediate and minor principal stresses while keeping the major principal stress
constant to reach the desired stress ratio. During the whole test phase no unloading in major
principal stress occurred. The test procedure followed ensured that the material remained
normally consolidated in terms of major principal stress during each stage of the loading.
However, the void ratio of the specimens systematically changed during the testing as the
specimens were consolidated to progressively higher static shear stress bias, but the amount of
change was negligible (ȟ݁ ൌ ͲǤͲͲʹ or less in most cases)
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Table 6.2 Initial and loading state of tests conducted under different total stress path for
Skempton’s “A” and Henkel’s “a” value test
Consolidation state

Loading state

Test No

Stress
Increment

݁

ᇱ
ߪ
(kPa)

݇

ܾ

ߙ (deg)

݇ఙ

ܾఙ

ߙఙ

PP03A

0.736

100

1.0

-

-

1.0

-

-

PP03B

0.744

100

1.5

0.4

0

1.5

0.4

0

PP03C

0.741

100

2.0

0.4

0

2.0

0.4

0

PP04A

0.749

100

1.0

-

-

1.0

-

-

(kPa)

∆σ1 = 25
∆σ2= 17.5
∆σ3 = 12.5
and

PP04B

0.747

100

1.5

0.4

45

1.5

0.4

45

PP04C

0.753

100

2.0

0.4

45

2.0

0.4

45

PP05A

0.752

100

1.0

-

-

1.0

-

-

PP05B

0.759

100

1.5

0.4

90

1.5

0.4

90

PP05C

0.758

100

2.0

0.4

90

2.0

0.4

90

∆σ1 = 100
∆σ2 = 70
∆σ3 = 50
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6.4 SKEMPTON’S B PARAMETER UNDER GENERALIZED LOADING
Figures 6.1 to 6.3 show the variation of the generated excess pore water pressure as a
function of the hydrostatic stress increment Δߪ for the tests conducted at ߪ′ ൌ ͷͲ and
ߙఙ ൌ Ͳ° together with the statistics of the least squares fit. Regardless of the initial ݇ value, the
best-fit line passes through the origin and has a gradient of approximately 1.0, (slope angle
varying between ͶͶǤͷ° െ ͶͶǤ°) which is the essentially Skempton’s B value for a fully
saturated specimen. The Skempton’s B value measured under hydrostatic initial stress state for
this specimen was 0.994 and these results clearly demonstrate that the Skempton’s B value is not
affected by the non-hydrostatic stress state, or the plane strain deformation constraint. Similar
data, but at ߪ′ ൌ ͳͲͲ and principal stress directions inclined at ߙఙ ൌ Ͷͷ° shown in
Figures 6.4 to 6.7 yield similar results ( ;ͳ̱ܤslope angle: ͶͶǤͷͶ° െ ͶͶǤͻͳ°) and demonstrate
that the inclinations of principal stress with respect to the bedding plane has no effect on pore
pressure generation under a hydrostatic stress increment.

Fig. 6.1 Excess pore pressure induced during isotropic increment of principal stresses for ݇ = 1.5
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Fig. 6.2 Excess pore pressure induced during isotropic increment of principal stresses for ݇ = 2.0

Fig. 6.3 Excess pore pressure induced during isotropic increment of principal stresses for ݇ = 3.0
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Table 6.3 shows a summary of the ΔݑΤΔߪ ratio measured in these tests and compares it to
the Skempton’s B value under hydrostatic initial conditions. A Skempton’s B value of 0.994
(and 0.997) under an initial hydrostatic load increment is a clear indication that the specimens
were well-saturated initially. As noted by Black and Lee (1973) Skempton’s B value in fully
saturated “medium-soft” soils is 0.9988 and “stiff” soils is 0.9877. Loosest deposited Fraser
river sand can be considered to fall in between these two groups, and the measured B value
indicates that the specimens are probably fully saturated. Even if the specimens are fully
saturated, the measuring system (tubing, transducers etc.) introduce some compliance and thus
the measured value will be somewhat lower than that calculated using the theory, if the
compressibility of water and the soil skeleton are known. In addition, measurement errors due to
the electrical noise inherently present in any DAQ system are responsible for some of the
variation. The reported ܤଷ Τܤூௌை values are essentially 1 in all cases and clearly indicate that the
initial three dimensional stress state does not influence pore pressure generation.
It should be noted that the stress increment did not cause any change to the deviatoric (or
octahedral shear) stress and excess pore pressure generation was solely due to all around pressure
increase. In other words, since the deviatoric stress increment was zero during all of these tests,
and thus there was no shear induced excess pore pressure generation (i.e. pore pressure
parameters “A” and “a” need not to be considered).
These results demonstrate that the Skempton’s proposal to determine the pore pressure
generated due to a hydrostatic stress increment is valid under three-dimensional initial loading
conditions regardless of the value of the intermediate principal stress and the inclination of major
principal stress, even in cross-anisotropic materials.
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Table 6.3 Comparison of pore pressure generation under hydrostatic and 3D initial stress
conditions
Initial stress state
ߙ

ܾ ൌ 

ሺߪଶ െ ߪଷ ሻ
ሺߪଵ െ ߪଷ ሻ

݇ ൌ 

ᇱ
ߪଵ
ᇱ
ߪଷ

ܤூௌை

ܤଷ
ܤூௌை

(Skempton’s B)
Ͳι

0.4

1.5

0.998
0.994

Ͳι

0.4

2.0

0.994

Ͳι

0.4

3.0

0.994

Ͷͷι

0.4

1.3

1.000

Ͷͷι

0.4

1.5

0.987
0.997

Ͷͷι

0.4

1.8

0.990

Ͷͷι

0.4

2.0

0.989
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Fig. 6.4 Excess pore pressure induced during isotropic increment of principal stresses for ݇ = 1.3

Fig. 6.5 Excess pore pressure induced during isotropic increment of principal stresses for ݇ = 1.5
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Fig. 6.6 Excess pore pressure induced during isotropic increment of principal stresses for ݇ = 1.8

Fig. 6.7 Excess pore pressure induced during isotropic increment of principal stresses for ݇ = 2.0

134

6.5 SHEAR INDUCED PORE PRESSURE GENERATION:
Skempton’s A & Henkel’s a
Fig. 6.8 shows the variation of excess pore water pressure induced by the two sets of total
stress increments that introduce additional shear stresses (Δߪଵ ൌ ʹͷǡ Δߪଶ ൌ ͳǤͷ,
Δߪଷ ൌ ͳʹǤͷ and Δߪଵ ൌ ͳͲͲǡ Δߪଶ ൌ Ͳ, Δߪଷ ൌ ͷͲሻ for three different
direction of major principal stresses at the end of consolidation. In all three cases, shear induced
pore water pressure decreased with an increase in initial shear stress. Further pore water pressure
was increased by almost four times when the deviatoric stress was increased by for times. Since
all the stress increments were applied at a specific ݇ in order to get a single representative value,
the average pore water pressure induced by these two set of stress increments are considered in
the following discussions.
Fig. 6.9 shows the variation of excess pore pressure induced by a non-hydrostatic stress
increment of Δߪଵ ൌ ʹͷǡ Δߪଶ ൌ ͳǤͷ and Δߪଷ ൌ ͳʹǤͷ at different initial ݇ values.
The generated excess pore water pressure varied between about 16.1 kPa and 18.6 kPa. For the
test where the direction of the major principal stress was along the vertical axis ሺߙఙ ൌ Ͳ°ሻ the
excess pore water pressure generated was 17.8 kPa, 16.8 kPa and 16.1 kPa for the cases of
݇ ൌ ͳǤͲǡ ͳǤͷʹǤͲ respectively. On the other hand when the direction of the major principal
stress was along the horizontal axis ሺߙఙ ൌ ͻͲ°ሻ the excess pore water pressure generated for
݇ ൌ ͳǤͲǡ ͳǤͷʹǤͲ was 18.6 kPa, 17.8 kPa and 17.1 kPa respectively. The third series of tests
conducted at a principal stress inclination of ߙఙ ൌ Ͷͷ° induced 18 kPa, 17 kPa and 16.3 kPa
excess pore water pressure at ݇ ൌ ͳǤͲǡ ͳǤͷʹǤͲ respectively. The least amount of excess pore
water pressure was developed in cases when the principal stress was aligned with the deposition
direction and the most when it aligned with the bedding planes. These measurements suggest a
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systematic increase in pore water pressure generation with the increase in inclination of major
principal stress to deposition direction, and a decrease in pore water pressure with the increase in
initial static shear or effective stress ratio.

Fig. 6.8 Variation of pore water pressure with magnitude of deviatoric stress
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Fig. 6.9 Induced excess pore water pressure during anisotropic principal stress increment
The applied three dimensional stress increment can be considered as the sum of spherical
(all around) and deviatoric stress components
തതതത ሿ ൌ  ሾȟߪ
തതതതௌுாோூ ሿ   ሾȟߪ
തതതതாூ்ைோூ ሿ
ሾȟߪ
ȟߪଷ ൌ ͳʹǤͷ
Ͳ
Ͳ
ȟߪଵ ൌ ʹͷǤͲ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
ȟߪଶ ൌ ͳǤͷ
Ͳ
ȟߪଷ ൌ ͳʹǤͷ

൩ൌ
൩
Ͳ
Ͳ
ȟߪଷ ൌ ͳʹǤͷ
Ͳ
Ͳ
ȟߪଷ ൌ ͳʹǤͷ
Ͳ
Ͳ
ȟߪଵ െ ȟߪଷ ൌ ͳʹǤͷ
 
Ͳ
ȟߪଶ െ ȟߪଷ ൌ ͷǤͲ Ͳ൩
Ͳ
Ͳ
Ͳ


Based on the findings reported in the previous section, since the soil was fully saturated the

hydrostatic stress increment of Δߪ ൌ ͳʹǤͷ would have produced an essentially equivalent
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amount of excess pore water pressure, and thus the component of the excess pore pressure
induced by the deviatoric stress increment, Δݑ௦ௗ௨ௗ ൌ  ሺΔ ݑെ ͳʹǤͷሻ kPa. The data
presented above thus indicates Δݑ௦ௗ௨ௗ varied from about 3.6 to 6.1 kPa depending on
the value of ݇ and the direction of the major principal stress. Using Skempton’s formulation,
this would yield values of  ܣin the range 0.29 to 0.49. These  ܣvalues are always positive and
thus consistent with the expected contractive tendency of the material at this stage of loading.
On the other hand, the non-hydrostatic stress increment can also be considered to be the
sum of all the around mean normal stress vector plus the stress difference vector as shown below
തതതതሿ ൌ  ሾΔߪ
തതതതொேேைோெ ሿ   ሾΔߪ
തതതതூிிாோாோ ሿ
ሾΔߪ
Δߪ ൌ ͳͺǤ͵
Ͳ
Ͳ
Ͳ
Ͳ
Δߪଵ ൌ ʹͷǤͲ
Ͳ
Δߪ ൌ ͳͺǤ͵
Ͳ
Ͳ
Δߪଶ ൌ ͳǤͷ
Ͳ
൩ൌ
൩

Ͳ
Ͳ
Δߪ ൌ ͳͺǤ͵
Ͳ
Ͳ
Δߪଷ ൌ ͳʹǤͷ
Δߪଵ െ Δߪ ൌ Ǥ
Ͳ
Ͳ
െ
Δߪ
ൌ
െͲǤͺ
Ͳ
Ͳ
Δߪ
൩
 
ଶ

Ͳ
Ͳ
Δߪଷ െ Δߪ ൌ െͷǤͺ
Considering Henkel’s formulation, the excess pore water pressure generated due to a mean
normal stress increment of 18.3 kPa in a saturated soil would be 18.3 kPa. Thus the magnitude
of the shear induced excess pore pressure Δݑ௦ௗ௨ௗ would vary from about -2.2 kPa to
+0.3 kPa in the tests. Clearly, the excess pore pressure induced by the deviatoric stress is positive
in some cases and negative in some cases depending on the value of ݇ and the direction of the
major principal stress. It must, however, be noted that at this stage of the loading the soil has a
contractive tendency, and a negative shear-induced pore pressure parameter is counter-intuitive
since the contractive tendency would be expected to produce a positive increase in pore water
pressure.
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Fig. 6.10(a) shows the variation of Skempton’s ‘’ܣ, and Henkel’s ‘ܽ’ parameters (that are
normally used to quantify shear induced pore pressure) with effective principal stress ratio for
the three different major principal stress directions. The shear induced excess pore water pressure
in this material under these conditions is always positive in Skempton’s formulation, and thus
Skempton’s pore pressure parameter “A” is positive, and it decreases with the increasing amount
of initial shear stress (or ݇ ) and increases with inclination of major principal stress with vertical.
But the excess pore pressure induced by the deviatoric stress in Henkel’s formulation is positive
in some cases, and negative in others and thus the pore pressure parameter “a” defined by
Henkel (1960) and Henkel and Wade (1966) may be positive or negative, even though the
normally consolidated material was tested at the loosest deposited state. The gradual reduction in
Skempton’s ‘’ܣ, and Henkel’s ‘ܽ’ with increasing initial static shear stress (or ݇ ) is logical since
the soils with higher initial ݇ require smaller increase in excess pore pressure to reach the
failure line. Data reported by Tripathi (2005) from triaxial compression tests show similar
reduction in Skempton’s A value as initial shear stresses increase. Even though the actual A
values are different due to different specimen and stress states, tests reported herein show a 28%
reduction in A value as kc increases from 1 to 2, and Tripathi reports 37% reduction. Fig. 6.10(b)
shows the variation of Skempton’s ‘’ܣ, and Henkel’s ‘ܽ’ parameters with major principal stress
directions for the three different effective principal stress ratio. The systematic increase in pore
pressure parameters (Skempton’s ‘’ܣ, and Henkel’s ‘ܽ’) with an increase in the inclination of the
major principal stress to the deposition direction (ߙఙ ) can be explained by the inherent
anisotropy found in water deposited sands (Oda 1972). The sand exhibits highest strength and
lowest deformability when major principal stress is aligned along the deposition direction
(ߙఙ ൌ Ͳ ሻ and lowest strength and highest deformability when major principal stress is aligned
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along the bedding plane (ߙఙ ൌ ͻͲ ሻ. This behaviour is caused by higher pore pressure when the
major principal stress is oriented along the bedding plane and lower pore pressure when the
major principal stress is oriented along the deposition direction, thus higher pore pressure
parameter for ߙఙ ൌ ͻͲ than ߙఙ ൌ Ͳ .

Fig. 6.10(a) Variation of pore water pressure parameters during anisotropic principal stress
increment
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Fig. 6.10(b) Variation of pore water pressure parameters during anisotropic principal stress
increment
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Test data published in the literature (Uthayakumar, 1996, Logeswaran, 2010) can also be
used to validate this hypothesis. Fig. 6.11 is derived from the test data reported by Logeswaran
(2010) and shows the influence of principal stress direction (ߙఙ ) on pore water pressure
′
ǡ ܾ and ݇ in an HCT test. The specimens were consolidated to
generation at a constant ߪ
′
= 200 kPa. The
three different initial static shear stress states (݇ ൌ ͳǤͲǡ ͳǤͷʹǤͲሻ and ߪ

specimens were sheared at a constant ܾ ൌ ͲǤͶ, but in one case along the deposition direction
and at ߙఙ ൌ  Ͳ ͻͲ . The excess pore pressure response for ߙఙ ൌ  Ͳ demonstrates that
the sand initially deforms contractively up to about 3% shear strain, and subsequently dilates
after reaching peak pore pressure whereas for ߙఙ ൌ  ͻͲ the sand generates relatively higher
excess pore pressure, which was positive throughout. The increased tendency for more
contrastive response at ߙఙ ൌ  ͻͲ than at ߙఙ ൌ  Ͳ is well known. These results also show
that the pore water pressure increases with the increasing direction of major principal stress. This
is consistent with the test results achieved for this research program.
Fig. 6.12 illustrates the influence of principal stress direction (ߙఙ ) on Skempton’s “A”
value obtained from the HCT test data shown in the previous figure. The result shows that the
pore water pressure parameter increases with the increase in ߙఙ and the trend of the variation is
similar to that derived from the experiments carried out in this research program.
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Fig. 6.12 Influence of principal stress direction on pore pressure generation for ݇ ൌ ͳǤͲǡ ͳǤͷǡ ʹǤͲ
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Fig. 6.13 Influence of principal stress direction on pore pressure parameter for ݇ ൌ ͳǤͲǡ ͳǤͷǡ ʹǤͲ
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6.6 DISCUSSION
A study aimed to better understanding the mechanics of the generation of excess pore
water pressure under generalized three dimensional loading conditions is presented in this
chapter. The main objective was to evaluate the applicability of the Skempton (1954) and Henkel
(1960) formulations during generalized undrained loading. Prior experimental attempts to
validate those formulations were limited to simpler loading modes only (Law and Holtz, 1978).
Experiments were carried out on the loosest deposited Fraser River sand in the present study
using the automated HCT device at different initial states.
An assessment of the Skempton’s formulation for shear induced pore pressure generation
indicates that the A value is a function of the initial stress state (both the initial effective stress
ratio, and the direction of the principal stresses). The computed A value varied between about 0.3
to 0.5 for the given load increment, and its sign was consistent with the expected contractive
response of the material. Given these findings, it can be concluded that the experimental
evidence shows that Skempton’s approach can be applied for generalized three dimensional
loading conditions where the specimen was consolidated to a generalized stress state with
different major, intermediate and minor principal stress and an inclination of major principal
stress with vertical.
An evaluation of the Henkel’s formulation, on the other hand, shows that Henkel’s ‘a’
parameter that accounts for shear induced pore pressure generation may either be positive or
negative depending on the value of ݇ and the direction of the major principal stress even when
the sand was deposited at the loosest state and has contractive tendencies at the given stressdensity state. This is not a desired outcome, since the shear induced pore water pressure would
be positive in such contractive material. More comprehensive studies may be needed to make a
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firm recommendation, but the initial results suggest that Henkel’s formulation is not appropriate
under generalized loading, even though it was intended for such loading (but validated only
under simpler triaxial loading).
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7. SUMMARY AND CONCLUSIONS
Potential risk of soil liquefaction is a major concern in geotechnical design in regions that
are susceptible to earthquake loading. Even though static liquefaction itself is a concern in loose
sands, earthquake loading can trigger liquefaction in both loose and dense sands. Liquefaction
potential of sand depends on various state parameters including relative density, soil fabric,
stress/strain history, initial stress state and loading path. The basic understanding of this
phenomenon and the effects of various factors controlling it have been derived from controlled
laboratory experiments. But, the effects of principal stress rotation, and three dimensional stress
states on pore pressure generation and liquefaction potential have not been fully understood to
date.

7.1 PRINCIPAL STRESS ROTATION & LIQUEFACTION
A systematic study was undertaken to assess the effects of principal stress rotation during
cyclic and monotonic loading on liquefaction susceptibility. Isotropically consolidated soil
specimens at initial principal stress direction of ߙఙ ൌ Ͳιǡ Ͷͷιand ͻͲι were sheared
monotonically under plane strain condition with a fixed rate of stress rotation given by
ȟߪௗ Τȟߙఙ ൌ ͺǤͺͻ kPa/degree. In addition, monotonic tests were also conducted on isotropically
consolidated soil specimens at a fixed initial principal stress direction of ߙఙ ൌ Ͷͷι but with
different levels of stress rotation.
ᇱ
) of 200 kPa and
The soil specimens consolidated to an effective mean normal stress (ߪ

initial effective stress ratio (݇ ) of 1.0 were subjected to cyclic shear with principal stress
rotation about different initial principal stress directions given by ߙఙ ൌ Ͳιǡ ͵Ͳιǡ Ͷͷιǡ Ͳιǡ
ͻͲιǤ Most of the tests were conducted under plain strain conditions (intermediate stress
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parameter ܾ =0.4), and a limited number of tests were conducted under axisymmetric conditions.
All cyclic tests were conducted with a cyclic stress ratio (CSR) of 0.2 but with different level of
principal stress rotations (οߙఙ ൌ Ͳιǡ ͵Ͳιǡ Ͷͷιǡ Ͳιǡ ͻͲι). Principal stresses in cyclic tests
were rotated in a smooth manner to reflect the true field conditions. The largest inclination of the
direction of principal stresses with respect to the initial state coincided with the peak cyclic shear
stress during loading.
The initial direction and degree of stress rotation during shear plays an important role on
the undrained behaviour of sands. The results of the monotonic tests supplement the findings
reported in the literature, and indicate that for a given initial direction, higher degree of stress
rotation (that further aligns the major principal stress toward the bedding plane) will lead to
weaker response. Similarly, when the rate of stress rotation was fixed, specimens for which the
major principal stress was oriented more closely to the horizontal bedding plane yielded
relatively weaker response compared to the soil specimen for which the major principal stress
was oriented more closely to the vertical deposition direction.
The tests carried out to study the influence of level of rotation on cyclic liquefaction
resistance of Fraser River sand specimen clearly indicate that principal stress rotation strongly
influences the cyclic strength of the sand.
x Strongest response was obtained when there was no principal stress rotation nor stress
reversal (οߙఙ ൌ Ͳι). In fact, none of the specimens under this condition liquefied even
after 60 cycles of loading.
x Irrespective of the initial principal stress direction, the lowest cyclic resistance was
obtained in tests in which the principal stresses rotated by േͶͷι about its initial position.
This finding is consistent with the finding reported in the literature based on a limited
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number of tests for initial principal stress direction oriented along the vertical deposition
direction.
x As indicated in the literature, the direction of major principal stress with respect to the
bedding plane also plays an important role in determining the cyclic liquefaction
resistance of the sand specimen. The sand exhibits higher cyclic resistance when the
rotation of principal stress is closer to the deposition direction (ߙఙ ൌ ͵Ͳιοߙఙ ൌ
͵Ͳι) whereas the cyclic resistance reduces drastically when the rotation of principal stress
is further towards the bedding plane (ߙఙ ൌ ͵Ͳιοߙఙ ൌ Ͳι).
x The magnitude of the maximum torsional shear applied on the horizontal plane and the
time history of the torsional shear stress (especially the duration during which it remains
close to the maximum value) also affects the cyclic resistance of the specimen.

The tests carried out to study the influence of initial direction of principal stress on cyclic
liquefaction resistance of Fraser River sand specimen indicates that
x The cyclic resistance of sand depends on the magnitude of the maximum torsional shear
stress applied on the horizontal plane (߬௭ఏ௫ ) and the nature of the variation of torsional
shear stress on the horizontal plane.
x For a given ߬௭ఏ௫ weaker behaviour is observed when the direction of the major
principal stress is aligned toward the weakest horizontal plane.
x In some specific scenarios, for example the behaviour of ߙఙ ൌ Ͳι and 90o with rotation of
ȟߙ ൌ ͻͲι, the actual nature of principal stress rotation influences the behaviour of
cyclic liquefaction resistance.
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In summary, the cyclic test results demonstrate that the lowest cyclic resistance always
corresponds to 45o stress-rotation (regardless of the initial principal stress direction). This
suggests that the use of cyclic simple shear (SS) tests might be appropriate for design purposes.
Even though the principal stress rotation in simple shear device is not controllable, a cyclic
simple shear test subjects specimens to approximately േͶͷι stress rotation (but generally about
the vertical direction, ߙఙ ൌ Ͳι) and thus correspond to a conservative estimate. Even though it
is not common practice, different initial ߙఙ values can be simulated in SS tests by applying
appropriate static shear stress on the horizontal plane. Further, SS also produces the plane strain
condition which is representative of many geotechnical engineering problems.

7.2 PORE PRESSURE GENERATION & 3D STRESS STATE
A series of experiments were carried out to investigate the applicability of the pore
pressure formulations (Skempton, 1956, Henkel, 1960) for more generalized loading state using
the automated HCT device. Soil specimens were anisotropically consolidated to a more
generalized stress state compared to the typical triaxial stress conditions which have been used in
the literature to validate the formulations. The initial stress states explored included initial nonhydrostatic stress states under plane strain loading, and even states with an inclination of major
principal stress with vertical (that represents the stress conditions in slopes). Prescribed
generalized total stress paths were applied to the specimens and the amount of pore pressure
generated was measured. The applicability of Skempton’s B value concept for the generalized
loading and the effect of ݇ on the pore pressure parameters A and a were assessed.
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Skempton showed that an isotropic increment of principal stresses in a saturated soil
generates pore pressure equal to the magnitude of the stress increments. The analytical
formulation based on an isotropic media was validated experimentally based on triaxial test
results. Most natural soils, especially those deposited in an alluvial environment are cross
anisotropic in nature, and a generalized formulation relating principal stress increments and
excess pore pressure generation in such cross anisotropic materials is provided in chapter 6.
x The experimental evidence shows that Skempton’s approach can be applied for generalized
three dimensional loading conditions in cross anisotropic materials where the specimen
was consolidated to a generalized stress state with different major, intermediate and
minor principal stress and an inclination of major principal stress with vertical.
x The research reported suggests that the pore pressure parameters A and a decrease with an
increase in the initial shear stress (݇ ). This can be explained by the fact that at a specific
confining stress level, and for similar total stress increments, the amount of pore pressure
required to reach the failure envelope decreases with an increase in the initial shear stress.
This is the case in water deposited sands where the shear strength of the soil increases
with the confining pressure.
x Both pore pressure parameters A and a increase with an increase in inclination of major
principal stress with vertical. Thus, the effective stress at the critical/failure state would
decrease with an increase in the inclination of major principal stress leading to weaker
response as the principal stress aligns with the bedding plane.
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7.3 RECOMMENDATIONS FOR FUTURE RESEARCH
This thesis emphasizes the importance of generalized initials stress states, and stress rotation on
the on the undrained behaviour of Fraser River sand. The research program investigated the
behaviour of loosest deposited Fraser River sand at different initial principal stress inclinations
(ߙఙ ) and different levels of stress rotation (οߙఙ ). Further research in the following topics will
enhance the findings reported in this thesis, and allow drawing generalized conclusions.
x

Fraser River sand particles are predominantly has sub-angular. Extending this study to
sands with different particle shapes would permit an assessment of the impact of grain
shape on the undrained behaviour of sand while principal stress rotates. The widely used
Ottawa sand, which is predominantly sub-rounded is an excellent candidate for further
research.

x

Most natural soils exist at non-hydrostatic initial states, and a study on the influence of
initial non-hydrostatic stress state on the cyclic resistance of the sand under principal
stress rotations will complement the current knowledge, and will have practical
implications.

x Denser sands are generally less anisotropic than loose sands. Thus a detailed study on the
effect of initial principal stress direction and level of principal stress rotation on
liquefaction resistance of dense sands is also recommended.
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Appendix A
(Stress Paths)
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Behaviour for ࢻ࣌ࢉ ൌ ι

Fig. A.1 Stress path of Fraser River sand during rotation of ߙఙ = ͵Ͳ ା
ିͲι

Fig. A.2 Stress path of Fraser River sand during rotation of ߙఙ = ͵Ͳ ା
ି͵Ͳι
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Fig. A.3 Stress path of Fraser River sand during rotation of ߙఙ = ͵Ͳ ା
ିͶͷι

Fig. A.4 Stress path of Fraser River sand during rotation of ߙఙ = ͵Ͳ ା
ିͲι
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Fig. A.5 Stress path of Fraser River sand during rotation of ߙఙ = ͵Ͳ ା
ିͻͲι
Behaviour for ࢻ࣌ࢉ ൌ ι

Fig. A.6 Stress path of Fraser River sand during rotation of ߙఙ = Ͷͷ ା
ିͲι
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Fig. A.7 Stress path of Fraser River sand during rotation of ߙఙ = Ͷͷ ା
ି͵Ͳι

Fig. A.8 Stress path of Fraser River sand during rotation of ߙఙ = Ͷͷ ା
ିͶͷι
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Fig. A.9 Stress path of Fraser River sand during rotation of ߙఙ = Ͷͷ ା
ିͲι

Fig. A.10 Stress path of Fraser River sand during rotation of ߙఙ = Ͷͷ ା
ିͻͲι
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Behaviour for ࢻ࣌ࢉ ൌ ι

Fig. A.11 Stress path of Fraser River sand during rotation of ߙఙ = Ͳ ା
ିͲι

Fig. A.12 Stress path of Fraser River sand during rotation of ߙఙ = Ͳ ା
ି͵Ͳι
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Fig. A.13 Stress path of Fraser River sand during rotation of ߙఙ = Ͳ ା
ିͶͷι

Fig. A.14 Stress path of Fraser River sand during rotation of ߙఙ = Ͳ ା
ିͲι
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Fig. A.15 Stress path of Fraser River sand during rotation of ߙఙ = Ͳ ା
ିͻͲι
Behaviour for ࢻ࣌ࢉ ൌ ૢι

Fig. A.16 Stress path of Fraser River sand during rotation of ߙఙ = ͻͲ ା
ିͲι
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Fig. A.17 Stress path of Fraser River sand during rotation of ߙఙ = ͻͲ ା
ି͵Ͳι

Fig. A.18 Stress path of Fraser River sand during rotation of ߙఙ = ͻͲ ା
ିͶͷι
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Fig. A.19 Stress path of Fraser River sand during rotation of ߙఙ = ͻͲ ା
ିͲι

Fig. A.20 Stress path of Fraser River sand during rotation of ߙఙ = ͻͲ ା
ିͻͲι
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Appendix B
(Excess PWP & Maximum shear strain)
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Fig. B.1 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with οߙఙ ൌ Ͳι
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Fig. B.2 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with οߙఙ ൌ ͵Ͳι
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Fig. B.3 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with οߙఙ ൌ Ͷͷι
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Fig. B.4 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with οߙఙ ൌ Ͳι
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Fig. B.5 Excess pore pressure and maximum shear strain response of Fraser River sand during
cyclic loading with οߙఙ ൌ ͻͲι
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