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~ABSTRACT

The existing software for controlling the apparatus used in experimental work presented in this
thesis was changed from stress path control to cyclic load control. The main aim of this

experimental work consists of two parts:
Part 1:

The repeated undrained load tests were carried out under the application of cyclic dévihtor
stresses at a frequency that varies from 0.0001 Hz up to 0.001 Hz, For a specific amplitude of
applied stress, a critical level of repeated loading (CLRL) was evaluated for both kaolinite and
crust clays. This CLRL is approximately 70% of the original undrained static strength for
kaolinitic clay and 60% for the clay crust. For these clays, the change in axial strain under
cycling is quite similar. Cycling below CLRL causes a small increase in axial strain before
cquilibrium conditions is reached. If cycling is above CLRL, the rate of development of axial )
strain increases with cycling until failure. However, the change in pore pressure under repeated
loading is dependent on the stress history of the soil. For normally consolidated kaolinitic clay,
thé change in pore pressure follows the same pattern as change axial strain as indicated above.

' For heavily oyerconsolidated clay crust, cycling below CLRL causes a development of more than
90% of the total pore pressure that can develop in the soil sample. The increase in number of
cycles results in increasing higher pore pressures and higher values of (g/p') at failure. However,
cycling above the CLRL generates the same pore pressure as would develop in a static test,
identical value of (q/p") at failure for these samples is lower than the correspondiné value for a
static test. , |

The strength of the soil is affected by the frequency, cyclic fluctﬁation of water table, and the

amount of axial strain developed during cycling. The decrease in postcyclic sirength is strain-

II



dependent. It is further shown that cycling below the CLRL causes an increase in the

overconsolidation of the clayey soils. The effect of cycling in behaviour of soils increuses with

increasing the OCR.

Part 2:

This part describes a method for the determination of in situ horizontal stresses of heavily
overconsolidated sands using a stress-path triaxial apparatus. This method was proposed by Garga
and Khan (1991) who applied it for overconsolidated clays. The proposed method is based on
the concept that if the radial stress exceeds the in situ horizontal stress, while maintaining the
axial stress constant and equal to the in situ vertical effective stress, only then will the sample
experience significant axial strain. In this investigation, the above method is applied 10 the
samples of known stress histories of overconsolidated sand. The effect of the complcx stress
history undergone by soils on the estimation of K, by the proposed method is investigated in
laboratory. Simulation of that is done by subjecting soil samples to one and two cycles of loading
at higher amplitudes of applied stresses. The rate of loading and unloading is slow enough 1o
ensure full consolidation during the test. It is found that the proﬁosed method replicated the
imposed "in situ" horizontal stress exactiy. Also this method is capable of estimating K, of an

overconsolidated soil irrespective of the previously imposed stress history.

III
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CHAPTER 1

Introduction

1.1 Behaviour of clayey soils under repeated loading

A problem of considerable importance in geotechnical engineering is that of understanding the
behaviour of soils under slow repeated loading. While considerable research has been carried
out on seismic response of soils, the problems of offshore technology have focused attention
on slow repeated loading of soils. Highway engineers have also been interested in the
response of subgrade soil and pavement materials to repeated loads of the type caused by
moving vchicles, and testing of these materials under simulated loading conditions has been
carried out in laboratories (Monismith et al. 1975). However, engineering problems of soils
under repeated loading have to be considered not only in earthquake loading, wave action,

and wheel traffic, but also in the case 6f structures subjected to slow repeated loading.

Storage of the materials such as grain, water, and oil, has led to the development of special
structures like silos, reservoirs, and tanks. These structures are subject to many cycles of
loading and unloading during their life. Loading and unloading causes a change in stress
level, which has to be wransmitted to and carried by the soil foundations. As & result, soil
material beneath structure foundations experience cyclic stresses with different amplitudes and
frequencies which will lead to cyclic deformations. These deformations will affect the
structure and may cause damage. In addition, the change in stress-strain and soil strength during
cyclic loading may have a significant influence on the stability of the structure. Therefore, the

design of the foundation must ensure satisfactory performance both in terms of stability and



deformation. Prediction of these require an understanding of fundamental soil behaviour under

loading and unloading conditions, which are typically of cyclic nature and involve slow shearing

rates.

The behaviour of clay subjected to slow repeated loading is an important foundation design
consideration for this type of structures. Up to present, only limited research has been done on
the behaviour of clays under repeated loading, especially on their effective stress response under

different amplitudes and slow frequencies.

In recent years, many experimental investigations were performed to study the behaviour of
clays under cyclic loading. Although the conclusions of these examinations are not identical,
several facts have emerged. The most important of these is that, under undrained loading, excess
pore pressure and strains are generated and if cyclic loading is continued for a sufficiently long
time a failure or a state of non-failure is reached. The limit separating failure and non-failure
conditions is called the "Critical Level of Repeated Loading" (CLRL). A CLRL was first defined
by Larew and Leonard (1962) as the maximum level of repeated stress that will not lead 1o
failure. It was found also the CLRL depends on different parameters including plasticity of the

soil (Lefebvre et al. 1989) and overconsolidation ratio (Conn and Hyde 1986).

An experimental investigation of the clay soil in a foundation would require the study of its
behaviour under a wide range of loading conditions. The stress regime can be modeled
approximately using a cyclic triaxial test. To simulate in the laboratory, the complex features of
the cyclic loading history of a soil element beneath foundation of structure require a triaxial
apparatus with the capability of ﬁpplying vertical and radial stresses independently to simulate
different amplitudes. Most experiments on repeated loading of soils have used the axi-symmetric
triaxial test wherein the cell pressure is held constant and the deviatoric stress is pulsed.
Therefore, the soil specimens is subjected to a pulsating axial load while the confining pressure
is maintained constant. In reality, however, all principal stresses acting on a soil element

subjected to repeated loads may vary in magnitude and direction simultaneously.



A major part of the investigation presented in this thesis concerns the examination of the
undrained response of two clayey soils under various combinations of slow cyclic shear stresses.
The first clay is an undisturbed overconsolidated clay crust obtained from Fraser Farm, 30 km
Southwest of the University of Ottawa, while the second clay is the reconstituted kaolinitic clay
commercially obtained from Alberta. These clayey soils have low plasticity and low coefficient
of consolidation. Therefore, in most cases the stress changes will take place under undrained
conditions. However, some dissipation of the excess pore pressure may occur during loading and
unloading. The rate and magnitude of the pore pressure dissipation will be a function of the type
and dimensions of the foundation of a structure and geotechnical characteristics of the soil
profile. Thus, the dynamic response characteristics and stability are controlled by the effective
stress regime in the soil. Because of the wide range of stresses used during testing, the results

are expected to be useful in the analysis of many problems.
This study examines the following aspects:

(1) The behaviour of both kaolinitic and clayey crust soils under different combinations of

cyclic stresses.
(2) Variation of t'he CLRL with the amplitude of applied stresses.
(3) Effect of frequency..
'(4) Effect of the fluctuation of water table on streﬁgth of the soil.

(5) Effect of cycling on the overconsolidation of normally consolidated clay and lightly and

heavily overconsolidated soils.

(6) Effect of cycling on posteyclic strength.



In the present experiments, repeated undrained load tests were carried out and involved the
application of cyclic deviator stresses at a frequency of 0.0001 Hz for large amplitudes, and up
to 0.001 Hz for small ones. To eliminate variation of the effect of the rate of repeated loading,

the rate was kept constant in all tests equal to 1 kPa/min. This slow rate also permiited a relinble

measurements of the pore pressure.

Triangular pulses were chosen for this investigation as they a_pproxim:ue the realistic case of
loading and unloading conditions, although, in general, there is a short time that separates the end
of loading and the beginning of unloading. Deere and Davisson (1956) observed and recorded
data (load versus t';me) for a period of 5 years on a grain elevator; the load change with time was

approximately triangular. Consequently, the effect of the shape of the pulse is not considered

in this investigation.

1.2 Evaluation of in situ horizontal stress for overconsolidated sand:

The second and minor part of this thesis describes a method for the determination of in-situ
horizontal stress of heavily overconsolidated sand using a stress-path triaxial apparatus. The '-
evaluation of in situ stresses for sands is very important for variety of geotechnical problems
including the problems related to deformation behaviour, foundations, excavations, and numerical
‘analysis. The in situ vertical effective stress at any depth can be easily determined if the densities
of the overlying materials, the thickness of the various layers, and the location of the ground.
water table are known. But the magnitude of the horizontal effective stress has remained
speculative because the measurement of this stress is highly dependent on the geologic history
of the soil and a reconstruction of this in laboratory is difficult. Practically, il is virtually

impossible to install an earth pressure cell in-situ without causing a densification of the sand
around the cell.

- The method used for the evaluation of in situ horizontal stress is the one proposed by Garga and

Khan (1991) who applied it for overconsolidated clay. They evaluated K, for overconsolidated



clay and demonstrated its validity by using samples of known stress histories. The proposed
method is based on the concept that if an undisturbed soil sample is consolidated isotropically
to a stress equivalent to the effective in situ vertical stress and subsequently the radial stress is
increased while maintaining the in situ vertical stress constant, the sample will experience

significant axial strain only when the radial stress exceeds the in situ horizontal stress.

Clean sand were used for this investigation and the sand samples were consolidated
anisotropically without taking into account the likely field stress history. The specimen were
consolidated arbitrarily to some anisotropic stress state such that Kc>1. The consolidation stresses
were applied simultaneously in vertical and horizontal directions, where the horizontal stress rate
was greater than that of the vertical one 10 provide a value of K. greater than unity. After full
consolidation, both effective vertical and horizontal stresses were reduced to a low isotropic stress
in drained conditions. By first consolidating the specimen isotropically to the imposed in situ
effective vertical 'stre”ss and, then, continuing the test, by increasing the radial stress (0.25
kPa/min) while keeping the effective vertical stress constant, it is found that the sample
experienced significant axial strain only when the radial stress exceeded the imposéd in situ

horizontal stress.

1.3 Effect of the complex stress history undergone by soils on the

evaluation of K

The coefficient of earth pressure at rest (K,) is very sensitive to the geologic and engineering
stress l;istory, as well as to the densities of the overlying layers. Due to this, the effect of
sedimentation and erosional process on the evaluation of K, by the proposed method was
investigated. In past, the soil sample was subjected to a series of sedimentation and erosional
processes during which the sand is normally consolidated and overconsolidated under K,
conditions, respectively. Simulation of this in the laboratory was undertaken by subjecting sand
samples to one and two cycles of loading at higher amplitudes of applied stresses and under a

slow rate of loading of 0.05 kPa/min to ensure full consolidation during testing.



1.4 Research objectives:

The objectives of the study reported in this thesis are:

(1) to achieve a better understanding of the bekaviour of clayey soils under slow repeated

loading at small and large amplitudes,

(2) to study the effect of cycling on overconsolidation and strength of the clayey soils, as well
as the effect of the frequency and fluctuation of water table on behaviour of clayey soils and

the variation of the CLRL with the amplitude of applied stress,

(3) to compare the behaviour of the normally consolidated clays under cycling to the one of

overconsolidated clays,

(4) to compare the general behaviour of clayey soils under slow repeated loading with the one

under relatively fast cyclic loading reported in literature,

(5) to evaluate the in situ horizontal stress for overconsolidated sand.



1.5 Outlinelof thesis:

The thesis consists of eight chapters as follows:

Chapter 2 : describes the previous studies on the behaviour of clayey soils under cyclic

loading and on the determination of K, for overconsolidated sand.

Chapter 3 : describes the characteristics of the soil used for this investigation, equipment

used, and test procedures.

Chapter 4 : describes the behaviour of kaolinitic clay under different combination of applied

Stresses.

Chapter 5 : describes the behaviour of the clay crust under different combination of applied

Stresses.

Chapter 6 : describes the variation of the CLRL with-the amplitude of applied stresses, effect
of the axial strain produced by repeated loading on postcyclic strength, effect of
' frequency, effect of cycling on the overconsolidation of the material, and the effect

of the fluctuation of water table on behaviour of soils.

Chapter 7 : explores a new method for the evaluation of in situ horizontal stresses for
overconsolidated sand. Also this chapter describes whether the sedimentation and
erosional process as have an effect on the evaluation of in situ horizontal stress by
this method.

]

Chapter 8 : presents conclusions and suggestions for future research.



CHAPTER 2

Literature Review

2.1 Behaviour of clayey soils under cyclic loading -

The behaviour of clayey soils subjected to cyclic loading has been studied by a large number
of researchers. Early investigations reported in literature and now classic experiments were
performed by Bishop and Henkel (1953), who showed that, on removal of an applied shear stress
under undrained conditions, some of the pore pressure generated during loading remained in the
sample upon unloading: They named this remaining pore pressure as residual pore walter pressure,
which was found to be a function of the mag'nitude of the appiied shear stress and the stress

history of the soil.

Once a soil sample is subjected to repeated or cyclic loading, a change of residual pore wilter
pressure may be associated with each cycle, so that the stress path followed by the samplc-may
migrate in the effective stress space. Brown et al. (1975), applying fast, one-way repeated loading
in triaxial tests in undrained conditions, on lightly-and heavily overconsolidated sumples of
Keuper marl, showed that during a particular repeated load test, the maximum deviator stress:
remained constant, while the mean normal stress changed as the pore pressure changed. They also
found that the direction 6f migration depended on the overconsolidation ratio (OCR). Positive
valnes of pore pressure occured for lightly overconsolidated samples, while negative values
developed for heavily overconsolidated samples. Sangrey et al. (1969) found similar behavidur
in their slow one-way repeated loading on Newfield clay, a small negative pore pressures

developed in overconsolidated samples while the mean effective stresses was reduced in normally



consolidated samples.

A systematic study of the effect of applying slow undrained cycles of triaxial compression
loading with constant amplitude (A) to samples of Newfield clay was reported by Sangrey,
Henkel, and Esrig (1969). It was found that the development of pore pressure caused the effective
stress cycles to migrate either to failure, or to equilibrium without failure. The limit separating
failure and non-failure conditions was defined as the “"Critical Level of Repeated Loading"”
(CLRL). This definition was first given by Larew and Leonard (1962), as the maximum level of
repeated stress that will not lead to failure. Later Sangrey (1968), Sangrey et al. (1969), France
and Sangrey (1977), and Sangrey et al. (1978) demonstrated the validity of this concept. Below
this critical stress level, a state of non-failure equilibrium will be reached in which a stress-strain
curve follows a closed hysteresis loop. Above the CLRL, each cycle of loading produces
additional plastic deformation and an additional pore pressure which moves the effective stress
path towards the dry side of the yield surface and eventual failure. It has also been found that,

for any particular consolidation history, a CLRL always exists (Sangrey et al. 1969).

Non-failure conditions below a given level of repeated one-way loading have also been reported
for other clay soils like sensitive Champlain Sex Clay (Mit;ﬁhell and King 1977). Conn and Hyde
(1986) found similar behaviour in their one-way and two-way cyclic triaxial tests on silty clay
and identified a CLRL for all stress histories considered. They also reported that the CLRL
decreased with increasing degree of overconsolidation, and the samples subjected to one-way
loading in compression side appear to have a higher CLRL than those subjected to two-way

loading.

Andérson et al. (1976) mentioned that below a certain critical shear stress level, cyclic loading
has a negligible effect on the behaviour of Drammen Clay tested under two-way cyclic loading
in the simple shear apparatus. MatSﬁi et al. (1980), based on results of two-way cyclic loading
triaxial tests on the Senry Clay, have also suggested the existence of a critical level of cyclic
loading below which the rate of permanent pore water pressure generation would tend to zero.

Ansal and Erken (1989), on cyclic simple shear tests on a kaolinite clay, showed that a critical
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shear stress ratio exists for this soils and is approximately equal to 50% of the static shear

strength at a frequency of 0.1 Hz. A critical shear stress ratio can also be defined as the CLRL,

In geotechnical earthquake engineering, it is useful to express the undrained resistance as a
function of the number of cycles to failure. However, when the number of load cycles is very
large and applied over a long period, it is better to express the cyclic undrained resistance as a
threshold limit. The threshold limit theoretically corresponds to the maximum cyclic stress level
at which the soil will not suffer failure regardless of the number of cycles (Lefebvre et al. 1989).
Lefebvre et al, (1989) suggested the existence of threshold limit, approximately around 60-65%
of the original undrained shear strength, measured at the same strain rate as that used in the
cyclic tests. Their conclusion was based on results of repeated loading triaxial tests on a sensitive
clay. A typical stress-strain and pore pressure-strain obtained from their tests on both structured
‘Grande Baleine and normally consolidated clay, in which cycling was below a threshold limit,
are shown in Fig. 2.1. They also found that undrained shear strength and the failure envelope
remain essentially unchanged if the repeated preloading is kept below the threshold limit.
Raymond et al. (1979) investigated the same concept, and indicated threshold values of about 0.5.
Their results was based on triaxial drained tests on Leda Clay (P1=46). Different authors found
that the threshold limit is a function of the plhsticity index: the higher value of threshold limit
were generally reported for high-plasticity soil and the lower values for low-plasticity soil; e.g.
Anderson et al. (1980), Hicher (1980), Hyde and Ward (1985), Houston and Hermann (1980).
Airey and Fahey (1991) conducted a cyclic tests (two-way) on calcareous soil, and showed the

existence of a threshold limit for this soil.

A number of definitions for failure under undrained cyclic loading have been proposed which,
because of the lack of continuous observations of effective stress changes, have not been linked
to effective stress state. The most common criteria are the cyclic strain amplitude criteria, where
failure is assumed when a given type of strain reaches a certain limiting value. Single or double
amplitude cyclic repeated or shear strains have been randomly used. However, soil type, stress
system, and consolidation or stress history affect the way in which deformation occurs so that

such criteria cannot be used in general. Furthermore, as pointed out by Pande and Zeinkiewicz
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(1982) in their recent review on laboratory investigation of the behaviour of soils under cyclic
loading, differences between a steady build up of deformation and a sudden loss of strength

cannot be distinguished.

In their tests on Newfield Clay, Sangrey, Henkel and Esrig (1969) found that failure under cyclic

loading occurred at the failure envelope defined for the soil in slow monotonic loading tests.

The build up of pore pressure under cyEling causes the effective stress space to migrate in stress
spuce defined for the soil. Consequently, the soil generally weakens and loses stiffness. Cyclic

strains build vp and permanent strains may develop depending on the anisotropic characteristics

| of the material and of the test configuration (Anderson et al., 1977). A unique relationship

between permanent axial strains and the residual pore water pressure has been shown to exist
(Lo 1961). This relationship was based on one-way triaxial tests conducted on the normally

consolidated Fornebu Clay. It has been also shown that the generation of permanent pore pressure

_is fundamentally a strain dependent process (Wilson and Greenwood, 1974; Lee and Focht,

1976). In contrast, the results of similar types of tests on the sensitive champlain clay obtained

by Mitchell and King (1977) did not indicate any unique or any straightforward relation between

“strains and pore pressures.

~ Herrmann and Hou‘stpn (1976, 1978) and Houston and Hermann (1980) suggest that the rate of

migration of effective "‘S‘tresses may strongly dcp'énd on the level of a bias static loading applied
in undraing.d conditions prior to cyclic loading. The rate of deterioration (number of cycles to
reach faihire) under cyclic loading depends on the combination of the level of bias static loading

and of the cyclic stress level. Their suggestion is based on results obtained from one-way and

“two-way triaxial tests on a number of clays at high frequency. They indicate that the higher the

plasticity of the clay soil, the lower is the rate of deterioration under cyclic loading. They also
suggest that higher sensitivity clays may offer higher resistance to cyclic loading because of the
high bonding strengths which are generally associated :\;rvith such soils. This view is supported by
observations reported by Lee (1979) who reports above average resist;mce to cyclic loading in

tests on sensitive clays.

11



The symmetric two-way cyclic loading does not always represent the worse loading conditions
as observed by many authors such as Seed and Chan (1966), Seed and Lee (1969), Houston and
Hermann (1980). In contrast, Hyde and Conn (1986) reported that stress reversal is more

effective in inducing shear failure than cyclic loading without reversal.

The most dramatic effect of repeated loading on most saturated soils is a loss of strength or
failure after some number of loading cycles. The potential for strength loss and failure increases
as the level of cycled stress increases. Lower levels of undrained repeated loading do not produce
failure even under a large number of stress cycles. During repeated loading, each cycle may be
associated with an increase in the amount of strain. Below the CLRL, the amount of axial strain
produced is negligible, the final soil behaviour is essentially elastic, and the level of static
strength is still intact. Above the CLRL, each loﬁding‘ cycle leads to further non-reco*)erable

. deformations and the peak value of static strength decreases. Fig. 2.2 shows the stress-path
obtained from repeated loading tests for both structured and normally consolidated clay in which
cycling was imposed below a threshold limit (Lefebvre et al. 1989). This figure demonstrates that
some excess of pore pressuré ~developed in both soils, and the specimen failed on the original

strength envelope in monotonic loading after cycling. '

The decreases in strength has been generally related to the maximum clyclic or permanent strain
(axial or shear sﬁain) developed in the sample. The larger the strain, the greater is the déc;ease
‘in strength. Thiers and Seed (1969) showed that the reduction in postcyclic strength is basically
a function of the amount of cyclic straining a clay sample suffered before it is loaded
monotonically to failure. A study by Anderson et al. (1980) oﬁ Drammen Clay has shown thz‘n,
a clay monoténicaliyrlogded to failure after having reached a *3% axial strain under cyclic
loading does not suffer a strength loss greatér than 25%. Similar conclusions were reached by'
Lee (1979) from cyclic loading tests on two sensitive clays of Eastern Canada. The dcvclopmem'
of permanent axial strain in relatively slow cyclic triaxial compression tests on a lacustrine clay
from Hamilton, Ontario, is reported by Wilson anq Greenwood (1974). The a}ﬁplitudcs are

expressed in terms of the peak deviator stress q as a proportioh of the value of q required to
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produce failure in monotonic loading. As might be expected, the larger the amplitude, the larger
the resulting deformation, and, indeed, for the amplitudes greater or equal to 0.59, the test had
to be halted when the continuing deformation of the sample could no longer be accommodated

and failure was deemed to have occurred.

It was reported that the highly overconsolidated clay would exhibit larger strength loss than a
normally consolidated material; Lee and Focht (1976). In contrast, however, the opposite
behaviour was observed by Koutsoftas (1978). Moreover, Houston and Herrmann (1980) and
Herrmann and Houston (1978) suggest that an increase in strength may result from a previous

cyclic loading history.

The reduction in effective stress during cyclic loading in undrained condition results in a
corresponding overconsolidation of the normally consolidated material. Lefebvre et al. (1989)
suggest that the effect of migration of effective stress state is to make the clay behave as an
overconsolidated soil. Their conclusion was based on results obtained from one-way repeated |
tests in compression side on sensitive clay. The stress path followed by the specimen afier
cycling in monotonic loading is similar to that occurring in a static test of an overconsolidated
specimen. Wroth and Loudon (1967), based on results from one-way repeated tests on kaolin
clay, reporied that loading and unloading leaves a residual pore pressure in the sample, which
makes the clay behave as an overconsolidated soil. This view is shared by other authors such
as Taylor and 'Bacchus (1969), Koutsoftas {1978), and Anderson et al. {(1980).

The soil response under cyclic loading is a function of frequency of loading. However, the
published fes;:lts are inconclusive. Anderson (1975) concluded, from his cyclic stress controlled
simple shear tests on Drammen Clay (PI=26), that changing the frequency of loading from 0.05
~up to 0.1 Hz has no significant effect on.the number of cycles required to reach a cyclic strain
of £ 3%. Similar conclusion was reached by Brown et al. (1975). They also stated that varying
the frequepcy in the range 0.01 up to 10 Hz has no significant effect, for cyclic triaxial tests on
Keuper marl (PI=14). However, Lefebvre et al. (1989), in their triaxial tests on sensitive clay

(PI=12), reported that increasing the frequency from 0.01 up 1o 2.0 Hz increased the absolute
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stability threshold by about 33 %. Brewer (1972) showed that for cyclic triaxial tests on Kaolinite
(PI=35) in the frequency range 0.01 to 4 Hz, the lower the frequency, the higher in general is
the strain. On the behaviour of saturated clay under seismic loading, Thiers and Seed (1969)
showed that doubling the frequency from 1 Hz to 2 Hz considerably increases the number of
cycles to failure for cyclic simple shear tests on San Francisco Bay mud (PI=45). However, the
number of cycles to failure is not a very good parameter for giving a feel for the behaviour of
the soil as it is bound to be heavily influenced by imperfections of apparatus and sample. The
same conclusion was reported by Farmer (1983). Sherif and Wu (1971) showed thit in general
increasing the frequency from 1 Hz to 2 Hz has little effect on the permanent and cyclic strains
and pore pressure, for a given cyclic stress level, for cyclic triaxial tests on clay (P1=26). Ansal
and Erken (1989) reported that thc response of normally consolidated clays obtained under
different frequencies indicate that the decrease in the rate of loading leads to an increase in the
- accumulated pore pressures with respect to the number of cycles. This was also observed by
Matsui et al. (1980). On the other hand, data obtained from cyclic triaxial tests on calcareous soil
(f= 0.1 to 10 Hz) by Airey and Fahey (1991), showed that the stiffness during cycling appear to
be unﬁffected by the loading rate, whereas, the measured pore préssurc amplitude is significantly
greater at the faster testing rate. However, Takahashi et al. (1980) suggested {(on fast cyclic
loading) that the pore pressure measured at the ends of the samples may be unrepresentative of

the sample as a whole.

It seems likely that the effect of frequency is greater for more plastic clays, and intuitively it
seems reasonable that slower cycles give the clay, as a viscous material, more time to follow the

applied load and are likely to produce greater pore pressures.

The shape of the pulse has an effect on the determination of soil behaviour under cyclic
loading. Rectangular, trapezoidal, sinusoidal and triangular shapes have been used by different
investigators in their cyclic tests. The relative effect of different. pulse shapes can be expected
to depend on the proportion of time that the soil spends at the higher loads. Seed and Chan
(1966) (on clay strength under earthquake loading conditions) showed that the rectangular stress

pulses have a much more serious effect than triangular pulses. On the other hand, Anderson
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(1975) (on repeated loading on clay) reported that, in terms of the number of cycles to reach a
cyclic strain amplitude of = 3% in stress controlled simple shear tests on Drammen Clay,
rectangular and trapezoidal pulses produced the same results for normally consolidated samples,
whereas the rectangular pulses were slightly more damaging for samples with an
overconsolidation ratio equal to 4. Deere and Davisson (1956) reported loading data for a period
of five years after the construction of grain elevator, the load change with time was
approximately triangular in form, as shown in Fig. 2.3. Also the cyclic tests considered in this
thesis are done at slow rate of loading and the test results are expected to be applicable for the
foundation of grain elevator, tanks, reservoirs and even for rail track pavement. In most of these
cases the shape of the pulse is close to triangular shape. Consequently, the shape of the pulse
chosen in this research is of a triangular form and the shape effect of the pulse has not been

examined.

Finally, it is important to notice that the vast majority of the data available in the literature
indicate that the peak cyclic stress necessary to cause failure under a finite number of stress

applications is lower than the reference strength obtained in monotonic tests.
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2.2 Determination of K; for overconsolidated sand:

The coefficient of lateral earth pressure under conditions of no lateral deformation, K,, has been
of interest to soil engineers for over 100 years. This coefficient is defined as the ratio of in situ
effective horizontal stress to the in situ effective vertical stress. For any soil, the in situ effective
vertical stress can be easily estimated. However, the estimation of the in situ effective horizontal
stress for overconsolidated sand is a complicated problem. This is because natural soil deposits
have undergone a complex stress history and reconstruction of that in laboratory is difficult
(Hanna and Carr 1971).

For an overconsolidated sand, the measurement of in situ stresses by field testing has been
limited and the degree of accuracy has been questionable (Brooker and Ireland 1965, Duncan and
Seed 1986). It is virtually impossible to install an earth pressure cell in situ, for example, without
causing some disturbance and densification of the sand around the cell, and this changes the
stress field at the very point of measurement. Consequently, the approach usually taken is 1o

estimate K, from the proposed mathematical expressions (Brooker and Ireland 1965; Mayne and
Kulhawy 1982; Shmidt 1983).

Historical Development:

The coefficient of earth pressure at rest (K;) was introduced first by Donath (1891}, who defined
this coefficient as the ratio of the horizontal to the vertical earth pressure resulting in a soil from
the application of vertical load under a condition of zero lateral deformation, Terzaghi (1920)
conducted a significant work on K, and reported a value of K= 0.42 for a coarse sand. Later in
(1925) by using a modified equipment, he reported a value of K= 0.7 for yellow residual clay
and biue marine clay. Kjellman (1936) developed a complicated triaxial abparmus to perform one

,dimensional compression tests on sand. He reported values of K, varying between (0.5 to 1.5 and

 that it was a function of the stress history of the soil.
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The best known expression for estimating K, was derived by Jaky (1948), which is a theoretical

relationship between K, and the angle of shearing resistance of the soil:

o

Ky <1 - sin ¢/

This expression can be employed to estimate the value of K, for normally consolidated
engineering soils and still widely used due to its practical significance and attractive simplicity.

Fig. 2.4 shows that the relationship (2.1) is reasonable for cohesive and cohesionless soils.

If the soil deposits have undergone a complex stress history of loading and unloading, the
prediction of in situ horizontal stress becomes a much difficult problem. Consider the simplified
stress history as shown in Fig. 2.5 for a homogeneous soil deposit with horizontal ground surface.
Stress-path QA represents virgin loading in Whicll‘l the soil was normally consolidated. Any
reduction in the effective overburden stress (path ABC) results in overconsolidation of the soil
and ihe value of K, becomes higher than the K. values obtained during virgin compression.

- Different investigators reported several expressions to quantify the coefficient K, for
overconsolidated soil in terms of the magnitude of the OCR. They believe that if the 'degree of
overconsblidation is introduced the value of K, can be determined exactly. However, the
determination of OCR for cohesionless soils is rather difficult, This difficulty is due to the fact
that it is impossible to obtain a sample of cohesionless soils with zero disturbance (Marchetti

1985). |

One of the classic references for an observed K-OCR relationship is the one presented by
‘Brooker and Ireland (1965). They demonstrated that the stress history governs the value of K,,
and that an increase in the O(;R reflects as an increase in K, Scﬁmidt (1966,1967) and Alpan
(1967) suggested that thé increase in K, could be related to the overconsolidation ratio (OCR)
by: '

o
2

Koo = Kope (OCR)®
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where b is an empirical exponent that varies between 0.4 1o 0.5 (Alpan 1967; Schmertmann 1975)
and even as high as 0.6 for very dense sands (Al-Hussaini and Townsend 1975). Ladd et al.
(1977) pointed out that this exponent itself varies with OCR, and it seems to depend on the

direction of the applied stresses,

The relationship K,-OCR was the subject of work conducted by different investigators (e.g.: Al-
Hussaini and Townsend 1975; Saglamar 1975). The former concluded that the value of K,

increases with increasing OCR. Their conclusion was obtained from laboratory tests on loose and
dense dry sand.

Wroth (1975) confirmed the validity of the expression (1) proposed by Jaky in (1948) to
calculate K, for normally consolidated soils and derived a relationship 1o compute K, for lightly

overconseclidated soils;

[te]
W

Koo = Koo OCR- (1) (OCR- 1)

where: K. , Ko are the respective values of K for overconsolidated and normally consolidated
soils and p is the poisson ratio. However, Wroth stated that this expression is only valid for
lightly overconsolidated soils (OCR<5). Meyerhof (1976) proposed a semi-empirical formila to

estimate K, for overconsolidated soils, in which:
Kyioey = (1 -sin ¢) yOCR 24

In 1982, Mayne and Kulhawy proposed an expression to determine K, for overconsolidated soils

in terms of the angle of shearing resistance (¢), the OCR, and a new stress history purameter
OCR,,.., in which:
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" (1-sin 8 ocrizn @ & (1-oer )1

o
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OCR,,, is defined as:

!
- o, mix 2.6
tax 1] *

v min

OCR

where @', ., and @', ., are the maximum and minimum effective vertical stresses respectively.
Equation (2.5) can be used to determine K, anywhere along the stress paths shown in Fig. 2.5
and to determine the probable bounds of K, in soil with more complex unload-reload histories.

Results obtuined by this equation are shown in Fig. 2.6.

The approach requires that only the stress history (OCR and OCR,,,,) and ¢' for a particular soil
be known. For natural soils, the current value of OCR may be determined from conventional
consolidation tests or other methods. However, Mayne and Kulhawy (1982) stated that there
appears to be no known technique of determining OCR,,,, for a specific soil deposit other than

a good knowledge of local geology and stress history of the soil deposit.

-Schmidt (1983) argued that horizontal pressures could be reduced with time due to aging and
proposed the following simpler equation instead of (2.5) proposed by Mayne and Kulhawy
(1982).

[ OS] OCR,, - OCR+ (OCR- 1) OCR* ) 7

where o is equal to sing'.

19



Clemence and Pepe (1984) reported that vibratory densification causes an increase in lateral
stresses, which reflects in an increase in the value of coefficient K. These lateral stresses ai-rest
condition are considerably higher than those expected for a normally consolidated sand. Later,
Duncan and Seed (1986) reported a theoretical study on the effect of compaction in soil deposits.
They concluded from their study that the sand compaction results in an increase of K, OCR, and
p. The same conclusion was reached by Hanna and Ghaly (1992), in which the application of
vibratory compaction represents a process of load application and removal. This process induces
high horizontal stresses, which reflect their influence on K. This results in K value higher than
that determined theoretically for a normally consolidated sand. In their experiment, the placement
of a sand deposit in the laboratory in layers, and the application of compaction to every
individual layer created a deposit in which the OCR increased with depth. In a natural stratum,
the OCR decreases with depth. However, the authors do not propose any new expression ot

method to evaluate K, for overconsolidated sand.

No practical method is presented in the literature for estimating K, for lightly and heavily
overconsolidated sand. There are some empirical or indirect methods (e.g.; Brooker and Ireland
1965; Mayne and Kulhawy 1982, Schmidt 1983) available for the determination of in situ stresses
of lightly und heavily overconsolidated cohesionless soils. But all of these methods are dependent
on a combination of laboratory tests. Based in literature, K, is affected by different parameters
including the effective angle of shearing resistance, porosity, crushing, modulus of elasticity of

the minerals particles, aging, densification, compacting method, stress history.
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CHAPTER 3

The Experimental Program

3.1 Introduction:

The objective of this experimental work was to quantify the undrained response of the two
clayey soils under various combination of slow cyclic shear stresses. Thirty stress-controlled,
consolidated undrained cyclic triaxial tests were performed on two clayey soils. The purpose
~of these testé was to examine the behaviour of these clayey soils under the change in the
amplitude, frequency, number of cycles, fluctuation of pore pressure, and also to examine the
effect of cy'cling on the overconsolidation of the material and postcyclic strength and the variation .
of CLRL with the amplitude of applied stresses. In addition to the consolidated cyclic undrained
tests, a number of consolidatgd undrained static triaxial compression .tesfté ‘were conducted in

order to provide a basis for interpreting the results of cyclic static tests.

The first clay used in this investigation is an overcdnsolidated crust clay, obtained from Fraser
Farm, 30 km Southwest of the University‘ of Ottawa. Hand-cut cubical sa;nblcs ‘were collected
from this crust. The size of these cubes was approxifhately 225 mm. Above 2 m depth level,
some rocks, roots, and worm-holes were observed. Because of the presence of these rocks, roots
and holes, some scatter is to be expected in the test results. Therefore, most of the tests were
~conducted for the depth range of 2.7 m and 3.6 m. The limited number of cubes available in this
range were not adequate enough to achieve all the objective of this research, hence a second clay

was also used. The second kaolinitic clay was corhmercially obtained from Alberta. The size of
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obtained from Alberta. The size of the two blocks obtained from kaolinitic clay is around 140

mm in hight, 140 mm in width, and 300 mm in length.

The peak undrained strength was used as a reference failure criterion for the overconsolidated
clay crust. For kaolinitic clay, a maximum axial strain of 5% was used as a failure criterion,
Most of the tests conducted on these two clays were continued until failure of the specimen
occurred. However, many samples did not fail under cycling and reached equilibrium conditions.
For these samples, the available undrained shear strength was determined immediately after the
end of repeated loading. For the samples used for other objectives such as to investigate the
effect of cycling on postcylic strength, the tests were stopped after a required axial strains were

developed under cycling and repeated loading was followed by a1 monotonic one.

3.2 Description of the materials:

Undisturbed and remoulded block samples have been used in this study. The undisturbed
samples refers to the overconsolidated clay crust, while the commercial kaolinitic clay was

obtained in remoulded and reconstituted blocks.
3.2.1 Overconsolidated clay crust:

This soil is a clayey silt "E:onmining of ,occzfsional thin seams of silt and fine sand but does not
show any detectable,layeﬁﬁéj "The soil profile consists of clayey silt of dark grey colour which
exhibits overconsolidation behaviour with an overéonéolidation ratio (OCR) of 3.1 a1 3.7 m depth
and 5.2 at 2.7 m. The OCR increases linearly with decreasing the depth. This overconsolidation
may be due to combined effect of erosion, desiccation, or chemical changés due to leaching. The
physical characteristics of this soil are shown in Table 3.1, Dewiled description is provided in
Khan and Garga (1991). |
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Hydrometer analysis:

Hydrometer analysis is a widely used method of obtaining an estimate of the distribution of soil
particle sizes from #200 (0.075 mm) sieve to about 0.001 mm. The hydrometer data obtained
are plotted on a semilog-plot of percent finer versus grain diameters as shown in Fig. 3.1. This
hydrometer analysis is done at 3.3 m depth and can be considered representative of soil between
a depth of 2.7 m to 3.6 m. The clay fraction is 43%.

3.2.2 Kaolinitic Clay:

Two block sarnples were commercially obtained from this soil. The first block showed a slightly
higher preconsolidation pressure {p.) of 31.3 kPa compared to the second block in which p, was
equal to 26.3 kPa. This soil is a clayey soil with a brownish grey in colour and contains a trace
of silt. The physical properties determined from laboratory tests on the block samples are

presented in Table 3.1,

Hydrometer analysis:
The data obtained from this analysis are plotted on a semilog-plot of percent finer versus grain

diameters as shown in Fig. 3.2. The clay fraction is 67%.
3.3. Equipment Used:

The equipment used comprised a hydraulic triaxial cel! connected to an air pressure system and
| controlled by a closed-loop control system controlled by computer. 'i'his equipment is capable
of generating both slow and fast cyclic stresses. An internal load cell were used to measure axial
loads. Pressure transducers (resolution 0.3 kPa) were used to measure the cell pressure, pore
water pressure at the base of the saxni}le,"and back pressure at the top of the sample. An
automatic volume gauge transducer were used to measure the volume change. A displacement
transducer (resolution' 0.01 mm) connected externally to the cell, was used to measure the axigl

deformation. The radial strain was measured by a radial hall effect transducers was placed at mid-
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height of the sample.

A 2 mm stainless steel tubing into the base pedestal connects the cavity behind the porous stone
to the base pore water transducer. A similar arrangement in the cap connects the cavity behind
the porous stone to the back pressure system. The displacement transducer was seated at the top

of the cell diagonally opposed to an L-shaped arm attached to the ram.

The vertical load is applied to the sample from below the pedestal. Two bellofram rolling seals
seated at each extremity of the ram permit the application of hydraulic pressures separately to
the lower chamber and to the upper perspex cell. The ram is forced to move vertically, upwards
or downwards, depending on the direction of the force resulting from differential pressure applied
to the cell and to the chamber. The axial pressure is applied to the sample by the bottom platen

which is fixed in the horizontal direction but is able to move axially.

Upward movement of the top of the sample is prevented by the internal load cell while
downward movements can be prevented by means of some convenient coupling between the load
cell and top cap. Thus, by changing the upper and the lower chamber pressures, it is possible to
follow many desired stress paths, both in the compression and extension sides of the triaxial
stress space. For cyclic loading, the ram moves vertically between two limits which are fixed

depending on the test requirement. The ram pressure is applied at a constant rate.

Air pressure was used in the control of radial, vertical, and back pressures. The air pressure
control system is formed by the main pressure system, air valves, and SErVO-MOtors. Changes in
pressure are provided by the servo-motors which operate according to signals from the servo-
amplifiers and rotate the air valve spindle through a reﬂuction gear-box. Air-water interchange

pressure cylinders were used to provide hydraulic pressure to the triaxial cell.

A volume gauge was used which has a total volume change capability of 100 cc. This volume |
gauge uses a piston fitted with a bellofram diaphragm. The vertical movement of the pistdn is

calibrated to provide measurements of volume change. The calibration curve of this gauge is
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linear only over the middle 55 cc. The combination of the initial and final curved portions,
including the middle straight line portion of the calibration curve, has an "S" shape. This volume

gauge, with a linear calibration of 55 cc, satisfied the requirement of these tests.

In addition to cyclic tests, the system is capable of performing any wiaxial compression or
extension stress path tests. It can be used for any stress-controlled, strain controlled, or

combination of both stress and strain-controlled tests.
3.4 Test procedures:

- 34.1 Speci}nen preparation:

Block samples obtained from the two materials were waxed and then stored in high humidity
room. A small block was cut from the larger one using a fine wire saw, care being taken to
maintain the axis of the sample parallel to the vertical direction. The final trimmed size of the
test specimens was 50.6 mm in diameter and 101 mm in high. The ends were cut parallel to each
other and flat using a very thin wire saw. Considerable care was taken at this stage to guarantee
that the end surfaces were as smooth and parallel as possible in order to minimize bedding errors

and guarantee axial symmetry of loading. The specimen was then weighed.

3.4.2 Triaxial cell assembly:.

After preparation, the sample was installed in a triaxial cell. In addition to the top and bottom
drhinagc‘, the side drains were also used to accelerate consolidation. Then, the sample was
covered by a thin membrane. When working with the hydraulic triaxial cell, care was taken at
this stage to ensure that the piston at the chamber was at the lowest position and the load cell
at the highest level. After installation of the sample, the cell was filled with distilled-water. Then,
the initial isotropic stress conditions were appliéd to the sample isotropically. Generally an initial
cell pressure of 15 kPa and a back pressure of 10 kPa was used before starting the saturation
~ process. For the unsaturated samples, the sample was consolidated to the desired stresses

| ~ directly.
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3.4.3 Saturation of the specimen:

Saturation by increments of back pressure was used in this experimental work. The first two
cell pressure increments were of 50 kPa, and a differential between cell and back pressures of
10 kPa was maintained after each cell pressure increment. The following cell pressure increments
were of 100 kPa, and a differential of 10 kPa of back pressure was always maintained, as shown
in Fig. 3.3. For both soils, only 300 kPa was required to achieve full saturation of the sample,

The B value obtained at the end of this stage was around .99 tor all the swmples.

3.4.4 Consolidation:

All samples were either isotropically or anisotropically consolidated to bring the soil to the

desired initial state of stresses before applying any undrained loading.

3.4.4.1 Isotropic consolidation:

Most of the samples were isotropically consolidated prior to undrained loading. After applying
the cell pressure, the back préssurc required to bring the sumple to the desired effective stresses
was applied in one step; the cell pressure being kept constant. After the pore pressure at the base

and the top had equalized, the sample was left under drained conditions for an additional period
of 24 hours.

3.4.4.2 Anisotropic consolidation:
After full saturation, the sample was consolidated anisotropically by applying the stress path |
method, by increasing the effective horizontal stress and keeping the vertical one constant
(overconsolidated clay), until in-situ stress required was achieved. Therefore, the back pressure

was increased to the value required to achieve the in situ stresses conditions.

For isotropically and anisotropically consolidations, the dissipation of water pressure build-up
with time is of the form shown in Fig. 3.4, for both materials. To accelerate drainuge during

consolidation, both top and bottom drainage were allowed.
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3.5 Conventional Qedometer Tests:

These tests are done on 50 mm undisturbed und remoulded sumples of the both clays.
Preconsolidation pressure, as well as the values of overconsolidation ratio (OCR), were obtained

from these consolidation tests.

3.6 Monotonic and Cyclic Loading:

After consolidation, the rate of the applied load was fixed to 1 kPa/min. This rate was slow
enough and is believed to simulate similar the real rate of applied louding and unloading for

many problems.

Monotonic tests:

Nine samples were first tested under monotonic loua‘ing in order to evaluate their undrained
static strength at failure (q). The niné samples i._gompﬁsed of six overconsoliduted clay crust .
samples, two kaolinitic clay samples, and one from clay crust which was sampled in horizontal
direction to simulate the slightly overconsolidatzd clay.

* Cyclic tests:

Thirty samples were subjected to repeated loading under the same rate, except for the samples
used to investigate the effect of the rate of loading. In a typical test, a specimen was subjected
to a series of loading and unloading which alternated between two constant values of the stress
~ difference (0,-G3), and which were fixed according to the requirement of the testing conditions.
The cyclic loading and unloading was continued until either the specimen failed u\n\c‘lier the applied

- )

stress or a conaition of equilibrium is reached.

Table 3.2 shows the complete program of tests.



Table 3.1. General propertiels of the crust and kaolinitic clays.

— e ———

I—

Crust clay Kaolinitic clay

Properties

Total density (KN/m®) 1840.1 19.7
liquid limit (%) 4242 42
plastic limit (%) 2012 204
plasticity index (%) 2242 21.6
Water content (%) 41+1 26
Specific gravity 2.75 2.78
% < # 200 sieve 99 94
% < 2n 43 67
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Table 3.2. Complete program of testing on kaolinitic, crust, and highly overconsolidated clays.

Overconsolidated Clay Crust

Test series  Sample number Test type Remarks Parameter examined
T T1, T1, and T2 CIuC Static test  Determination of q,.
T11, T22, and T33 CAUC  Static test  Determination of q,.
Cl Cll CIUuC Cyclic test  Effect of cycling at 50% q,
Cl12 CAUC  Cyclic test on postcyclic strength.
C2 C21 and C22 CIucC Cyclic test  Effect of cycling at low
levels of CSR.
C3 C31, C32, and CIuC Cyclic test Behaviour at high levels of
C33 CSR.
Kaolinitic Clay
K Kl and K2 CIuC Static test  Determination of q,
S1 S11, 812, 813, CIuc Cyclic test Behaviour at high levels of
S14, §15, and S16 CIUC CSR.
- 82 S21 CIuC Cyclic test  Effect of the variation of the
CSR.
S3 531, 8§32, 833, CIuC Cyclic test  Variation of the CLRL with
534, 8§35, S36, CIucC the amplitude of applied
8§37, 838, and S39 stress.
S4 S41 CIuC Static test  Frequency.
542 CIuC Cyclic test  Frequency.
S5 S51 CIuC Cyclic test  Fluctuation of water table.
S6 561, 862, 563, CIuC Cyclic test  Effect of cycling on
and S64 posteyclic strength.
Lightly Overconsolidated Clay
ca C41 CIDE K, test Effect of cycling on_
C42 CIDC K, test overconsolidation of the soil
C43 CAUC ' Static test
Cé44 - CIUC - Static test
35
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CHAPTER 4

Behaviour of the Kaolinitic Clay Under Static and Repeated Loading

4.1 Monotonic tests:

The two blocks of this commercially obtained clay showed different preconsolidation
pressures. Hence, from each block, a sample was consolidated isotropically to an initial effective
stress of 20 kPa and then taken to failure under monotonic loading. A summary of the testing

conditions and test results is given in Table 4.1.

The responseof the kaolinitic clay to static loading is unusual and similar to the response of
Weald clay reported by Bishop and Henkel (1953). It was observed during testing that the shear
failure occurs with significant bulging. Figs 4.1 and 4.2 show the stress strain, pore pressure-

strain, and stress path curves obtained from these two tests, K1 and K2, respectively.
The behaviour of these two samples under monotonically loading can be summarized as follows:

(1) The axial strain is apparent from the beginning of shearing and increases rapidly after
it reaches 0.5%. ' '

(2) The pore pressure increases at the initiation of shearing, The maximum value of pore
pressure is achieved at 0.7% axial strain and the pore pressure then starts decreasing
until negative values are measured, |
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(3) The maximum value of the positive pore pressure developed is around 13 kPa and 11 kPa
in tests K1 and K2, respectively.

(4) The static strength obtained at 5% axial strain is around 72 kPa for the first sample and
61 kPa for the second one. These values are considered as failure strengths.

(5) At failure, a ncgalive value of pore pressure of -4.2 kPa was measured in test K1 and -1.8

kPa inlthe test K2,

4.2 Repeated loading tests:

4.2.1 Test series S§1 and S2:

The maximum and minimum levels of shear stresses applied in the cyclic tests have been

expressed as a proportion of the undrained strength measured in monotonic loading test. The ratio

is referred to as the cyclic stress ratio (CSR) and is defined as the repeated axial stress difference
divided by the axial stress difference that caused failure in a static test. Two test series, S1 and
52, are presented and discussed here. These test series are used to examine the corresponding

parameters indicated in Table 3.2.

Test series S1:
This test series comprises 6 tests. In each test, the specimen had the same consolidation history
as that used to determine monotonic strength (test K1). The CSR used in these tests varied

between & minimum value of 0.11 and a maximum value which is a proportion of the static

-strength (CSRW=0.5. 0.54, 0.64, 0.71, 0.77, 0.84, and 0.93). In each iesi, cycling was applied

with a constant amplitude of applied stress until failure or equilibrium conditions was reached.
The equilibrium conditions means that no additional axial strain or pore pressure was developed
with additional cycles of loading, For the tests that reached equilibrium conditions, the repeated

loading was followed by a monotonic one. A summary of the testing conditions and test results
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are shown in Table 4.2.

Test series S2:

This test series comprises only one test. In this test, the specimen had the same consolidation
history as that used to determine monotonic strength (test K2). The specimen was subjected to
a total of 6 sets of cycles. In each set of cycles, cycling was continued until failure or equilibrium
conditions was reached. In each set of cycles, a regular amplitude was maintained and cycling
continued until failure or equilibrium conditions was reached. Summary of the testing conditions

and test results are shown in Table 4.2,

4.2.2 Test results and discussion:

The typical response of the kaolinitic clay to undrained repeated loading at low and high cyclic
stress ratios is shown in Fig. 4.3 (a) and (b), for the tests _512 and S14, respectively. These
figures show the variation of the pore pressure and axial sn'aih'\‘wilh lime. As can be seen, for low
cyclic stress ratio, as the number of cycles of loading increases the axial strains build up where
the pore pressure decreases in the first few cyclés before the equilibrium conditions ure reached.
For high cyclic stress ratio, the axial strains build up continuously whereas the pore pressure

decreases as the number of cycles of loading increases until failure is reached. .
Results of test series SI:

Sample S11;

This sample was repeatedly loaded 50 times. The stress-strain, pore pcc\:ssure—"a{n‘ai}n, and stress-
path curves obtained are shown in Fig. 4.4. It was observed that t‘li‘e:"’gifﬁiple had reached ljlc
equilibrium conditions after the first few cycles. With additional cycles no further increase in |
bbth axial strain and pore pressure were measured. However, it is interesting to note that pore -
préssure stabilized before axial strain. An axial strain of 0.18% and a _cliange in pore pressure of

-1.8 kPa were developed in the sample under cycling. As stated earlier, a repeated loading was
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followed by a monotonic one. It was observed that the sample showed a very slightly higher

strength than the one obtained in the static test.

Sample S12:

This sample was also repeatedly loaded 50 times. Fig. 4.5 shows stress-path, stress-strain, and
pore pressure-strain curves obtained from this test. The pore pressure reached equilibrium after
9 cycles of loading, however, axial strains stabilized after 11 cycles of loading. An axial strain
of 0.3% and a change in pore pressure of -2.8 kPa were developed under cycling. These values
are higher than those obtained in test S11, but, nevertheless smaller when compared to those
obtained at failure in the static test. Repeated loading again was followed by monotonic loading.
It was found that the sample showed a postcyclic strength which was also very slightly higher

than the one obtained in the static test.

Sample §13:

The sample was repeatedly loaded 50 times. Fig. 4.6 shows the stress-strain, pore pressure-strain,
and stress path curves obtained from this test. A signiﬁcant axial strain of 0.52% and a change
in pore pressure of -6 kPa had developed in this test under cycling. After the first 13 cycles of
louding, the pore pressure reach equilibrium. However, the axial strain reached equilibrium after‘
15 cycles. At the end of 50 cycles the test was stopped and the sample sheared monotonically.
It was found that this sample showed a maximum deviatoric stre"ngth of 68.5 kPa which is less

by 3.5 kPa compared to the static strength.

Sample S14: J

This sample was repeatedly loaded to failure (50 cycles). Fig. 4.7 shows the stress-strain, pore
pressure-strain, and stress-path curves obtained from this test. As can be seen in this figure, the
rate of strain decreased in the earlier stage of the test, followed by a steady build up of strain at
.a constant rate' preceding an mcrease in the latter stage as the sample tends to failure. Sx. Jdar,
. behaviour was observed for pore pressure. Fig. 4.7 demonstrates that the response of thlb Cldy :

to rcpcatcd loading can be divided in three stages as dlscusscd subsequemly
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Sample S15:

This sample was repeatedly loaded to failure in 8 cycles at a higher cyclic stress ratio that varied
between 0.11 and 0.85. Fig. 4.8 shows stress-strain, stress-path, and pore pressure-strain curves
obtained from this test. Also the response of this sample to repeated loading can be divided in

three stages as in test S14, but here these stages can not be clearly distinguished.

Sample §16:

This sample was also repeatedly loaded to failure at a cyclic stress ratio that varied between 0.11

and 0.93. The upper limit of this CSR is close to unity which causes the failure of the sample
only in two cycles.

The variation of the axial strains and pore pressures both measured at the maximum repeated
stress with the number of cycles is shown in Fig. 4.9 for all levels of CSRs imposed on this clay.
The axial strains increases with the number of cycles with a corresponding decrease in pore
pressure. The cyclic behaviour clearly depend on whether the CSR is above or below a value of
approximately 0.74.

Application of CSR greater than 0.74 causes the axial strain to increase and pore pressure Lo
decrease until shear failure occurs. CSR less than 0.74 does not result in sudden failure after the
maximum number of 50 cycles applied in these tests. It is difficult to evaluate CLRL precisely,
however, frbm the test results the CLRL can be fixed at a level of approximately CSR=0.7. This
CLRL is represented by a horizontal line in Fig 4.11(a). Below this-tiis no sudden increase in
deformation or decrease in pore pressure would occur regardless of the number of stress
repetitions. Above the CLRL, each cycle of loading produces additional plastic deformation and
the clay eventually fails. o | |

4.23 Behaviour of kaolinitic clay below CLRL:

As mentioned before, the CLRL was found to be at CSR=0.7. The samples subjected 1o cyclic

load';ng less than this level reached the equilibrium conditidhs, as the case of the samples S11,
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512, and S13. Samples subjected to cyclic loading above this limit failed (S14, S15, and 516).

Samples S11, §12, and S13 were subjected to 50 repeated loadings as shown in Figs 4.4, 4.5,
and 4.6. An important feature of these figures is that stabilization of axial strains and pore
pressures was apparent after a certain number of cycles. No increase in both axial strain and pore
pressure was measured with additional cycles. Most of the axial strains and pore pressure
developed took place in the first cycles of loading. It was observed for this clay that the axial
strain reaches equilibrium before pore pressure does. The axial strain, pore pressure, and the
number of cycles required to reach the equilibrium for these samples are a function of the cyclic

stress ratio used.

In order to appreciate the significance of these results, it is useful to represent the stress paths
followed in the tests in effective stress space. The results of tests S11, S12, and S13 are shown,
plotted in this Space, in Figs 4.4, 4.5, and 4.6. For these tests, the decrease in‘pore pressure in
the first few cyéles leads to the migration of the stress path to the right side before an °

equilibrium condition, shown by the closed stress loop, is reached.

The quantitative analysis of the results obtained from the tests 811, §12, and $13 demonstrates
‘the behaviour of this clay, below a CLRL, can be predicted by some equations which are function

only of the amplitude of applied stresses.

First, the rclationships. between the axial strains and p', both measured at the maximum repeated .
stress, are used to investigate the influence of the amplitude of applied stress on the behaviour
of this clay below the.CLRL. Test results indicate that thefe is a linear relationship between the
variation of p’ and the axial strain developéd at the end of each cycle of loading as ‘shown in Fig.
4.12(a). This figure shows thréé\' lines. The ends of these lines represent the equilibrium poinlsl

and the maximum axial strain that can be developed in the sample. The equations of these lines

 for tests S11, S12, and S13 are respectively:: ‘ ' .

€,-0.087 p/-1.95 - . | 4.1
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€,=0.1 p’-2.49 4.2

€,=0.11 p’-2.71 4.3

These equations indicate that, as the amplitude of applied stresses increases the slope of these

lines increases.

Test results aiso indicated that, the variation of pore pressure with p' can be described by a
linear relationships. Fig. 4.12(b) shows three lines, the end of each line describes the equilibrium
point and the maximum pore pressure that can be generated under repeated londing. The

equations of these three lines can be written as:

u,=-1.15 p~31.84 4.5
' | /

u,=-1.05 p/+31.45 R

u,=-1.03 p33.54 . 4.6

The ends of the lines shown in Figs 4.12(a) and (b) represent the equilibrium points at which
no additional strain and pore pressure can be developed with additional cycles. The axial strain
and pore pressure obtained at these points are the maximum values that can be developed in the
soil sample. It was found that the axial strain and pore pressure obtained at these poiﬁls vary

“linearly with the amplitude of applied stress (Fig. 4.13) and can be represented by the following

expressions:
€:=0.076 A-2.44=e, A-f, ‘ ' 4.7
.\\\\ . Y ¢
uma‘g\f_._=-'0 -25 A+7-65 =e2 A"'f'z . ! 4 .8

N
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Here, the constants €, and f; are dependent on the testing conditions and can be determined easily
by regression. By knowing the amplitude, the maximum strain and pore pressure developed in

the sample can be easily determined using these equations.

Thus, equations 4.1, 4.2, 4.3 and 4.4, 4.5, 4.6 can be rewritten, in a general form, as follows:

€;=a; p'-b, 4.9

u;=c; p'd; _ 4,10

Also a quantitative analysis shows that the coefficients a, b;, ¢, and d; vary linearly with the

amplitude of applied stress (Fig. 4.14) as:

a,;=0.0017 A+0.022=1, A-m, 4.11
.

bi=0o06 A"'0|38=.12 A"'mz ‘ . 4. 12

¢;2-0.01 A+1.52=1, Avm, | - 4.13

d;=0.2 A+22.68=1, Am, | 4.14

=

o

Note that the coefficients ], and m; depend on the testing conditions. They‘can b determined
very easily'by a linear regression. |
| .
The effective sm:sSes at the equilibrium point where no additional axial strain and pore prcséhre
occur with additional cyclihg. o', and G',, can be determined as follows. First, the value of p' can

be estimated using either equation 4.9 or 4.10 (g, = €,,,, and u = u_,,). Than using the fact thau
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(a'1ra’y) 4.15%

=
i
o) —

and,
A=0' -0’y 4.16

The values of ¢, and &', can be determined.

The ‘necessary number of cycles needed to reach equilibrium for both axial strain and pore
pressure are plotted against the amplitude of applied stress in Fig. 4.15. From this figure it is
evident that the number of cycles required to-attain the equilibrium point for bath axial strain and

pore pressure depend linearly on the amplitudes, and can be written as:

NE=0.72 A—'21.66=g1 A"hl "’“ 4-17

N,=0.64 A-20.66=g, A-h, a0

where N; and N, are the maximum number of cycles required to reach the equilibrium for axial
strain and pore pressure, respectively. The coefficients g and h, are dependent on test conditions

and can be determined by regression.

As a conclusiori it appears that] knowing only the amplitude of applied stress, the maximum
. axial strain and pore pressure that can be developed in the sample, effective stresses at the
equilibrium point,. and number of cycles for axial strain and pore pressure to reach the

\+ equilibrium can be determined.

f .
)
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4.2.4 Bechaviour of kaolinitic clay above CLRL:

The samples subjected to a cyclic stress ratio above CLRL will fail, as demonstrated by samples
S14, S15, and S16. Details of these tests are shown in Table 4.2.

The response of the saumples S11 and S15 to repeated loading is shown in Figs 4.7 and 4.8,
respectively. The applied cyclic shear stress is shown together with the pore water pressure
changes and axial strains. Axial swains build up and pore pressures decreases as cycling of shear
stress leads the sample to failure. The rate at which the changes in behaviour occur is strongly

dependent on the cyclic stress ratio.

When & soil sample is cyclically or repeatedly loaded, permanent pore water pressures will
accumulate at the end of the cycle inducing the stress paths to migrate in the effective stress
spuce. The direction of the migration depends on the positive or negative values of pore pressure
developed in the sample. For kaolinitic clay, it was found that on increasing Ithe number of
cycles, a negative values of ‘pore pressure was developed. As a. consequence of the continuous
build up of negative residual pore pressures, the stress path continuously migrates to the right
side in stress spaée until the failure envelope is reached, as shown in Figs 4.7 and 4.8. |

Based on the changt.s in the develc)pment of pore water pressure and strain, the behaviour of this
clay under repeated loading can be divided into three stages: primary, secondary, and tertiary.
These stages can be recognized very easily in test S14, as shown in Fig. 4.7. However, for the
tests S16 and SlS thxs is dxfﬁcult bccause of the small, number of cycles requlred to reach

failure.

Primary stage:

This 'smgc is limited to few inital cycles. The rate of development of both pore bressurc and
strain is rapid at first and then slows down. The variation of both pore pressure and strain with
the number of cycles is approximately linear as shown in Fig. 4.9 (CSR=0.78). In serm log-plot,

this variation can be described by a strmght lines as shown in Fig. 4.10. The cffecnvc stress paths
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form closed loops and only a small reduction in strength of the soil occurs in this stage.

Secondary stage:

In this stage, both strains and pore pressure develop at a uniform rate depending on cyclic stress
level, as shown in Fig. 4.9 (CSR=0.78, 0.85, and 0.93). In semi-log-plot the variation of pore
pressure and axial strain with the number of cycles is linear (Fig. 4.10). Stress-strain loops and
effective stress paths maintain their general shape. As a consequence of the continuous build up
of negative residual pore pressures, the stress path continuously migrates to the right side in

stress space. The strength of the soil is decreasing continuously at a small rate.

Tertiary stage:
In this stage, significant softening is initiated. The rate of increase in both axial strain and pore
pressure accelerates with the number of cycles. In semn-log plot, the changes of pore pressure and
axial strains with number of cycles are linear (Fig. 4. 10). In this stage, the closed loops become
larger and the material fails. A large reduction in stiffness occurs in this stage und the migration
of the effective stress path is noticed to cease.

[

The change of axial strains and pore pressures in the above three stages can be described by
straight lines, as: . ' K

1

€= log (N)+z, - | 4.19

u=j,log(N)+z, , . | 4.20

The absolute value of the slope of these lines decreases in the second stage and increases in the

N

third one. The coefficient j; and z are dependent on cycllc stress ratio.

The number of cycles in each stage were found to be a function of the cychc stress level. As
the cyclic stress rano 1ncreases, the number of cycles in ‘each stage decreases. Fig 4.16
demonstrates that the boundaries of the tertiary stage can be represented by two lines ploned, |

from the origin of the stress space. In this figure, the initial boundary of the tertiary stage (:_an
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be called as a transformation line in which a major change on the axial strains start to occur in
the soil sample which increases with cycling until failure. The final stage can be called as a

cyclic failure line.

The variation of the CSR with the number of cycles obtained at failure is shown in Fig, 4.11.(a).
This variation is an upward concave curve and similar to the S-N curve observed for ferrous
metals (Larew and Leonard 1962). S-N curve shows the number of cycles required to failure as
- "a function of the cyclic stress level which is generally expressed as S ( a percentage of the static
strength). As can be observed in Fig. 4.11(b), there seems to be a linear relationship between the
number of cycles and CSR, when a semi-logarithmic interpretation is adopted. This introduces
an additional capability to evaluate the number of c’ycles at failure for different CSR's and to

derive a simple mathematical expression such as:

CSR=t ~klog (N) | | 4.21

Here t and k depénd on the test conditions. They can be determined by a linear regression

- analysis.

No;e: soil éhmples reached failure cc[)nqlitions under cycling were showed a much higher negative
pore pressure at failure compared to the sta;ic ’te_st. |

. 42.5 Effect of the step increase in CSR:

 Test resulfs of test senl'eslsz: o,

Thls series compnsés only one test. The sample used in this test was taken from the second

block of kaolinitic clay and had the same consolidation history as the sample uscd in test K2. The

objective of this test senes‘ is to examine the behaviour of this clay while changmg‘ the amplitude
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of the applied stress.

The sample was repeatedly loaded 152 times at a CSR varying from 0.49 up to (.85 in a total
of 6 steps. In each step, a constant CSR was applied during a given number of cycles. In the first

step, the CSR has a maximum value of 0.49 and a minimum of 0.26. Changing from one set of

. cycles to the next one, the maximum and minimum vaiues of CSR increases and decreases by

0.065, respectively, The cycling was always carried out about the mean deviatoric stress of 23
kPa. In the fifth set of cycles, the cyclic stress rati6 has a maximum and minimum values of 0.75
and zero, respectively. In the sixth set of cycles, in order to keep cycling only in compression
side, the maximum value of CSR had increased to 0.85 whereas the minimum vilue was képt
constant and equal to zero. Due to this CSR, the rate of development of both axial strain .lnd

pore pressure accelerates with cychng until failure envelope was reached.

Table 4.2 shows details of the sequence of loading and the number of cycles at each step. Plots

of excess pore pressure and peak to peak strain with number of cycles are shown in Fig.'4.17.

In the first five sets of cycles, significant axial strain and negative pore pressure accumulated
in the soil sample before equilibrium conditions is reached. In-the last set of cycles, a cyélic .

stress ratio used is higher than a CLRL which causes the rate of the development of both axial

strain and pore pressure to accelerate with the number of cycles until f;ulure occurred. Fig, 4.17

demonstrates that the development of both axial strain and pore pressun, in each step can be |

- represented by different straight lines. Each step increase in CSR causes an mt,ream. in abaolulc a

value of the slope of these lines. A step mcrease in CSR shows that the clay behaviour is a
functlon of CSR; cumulauvc strain and pore pressure devcloped in cach sel of Lyc,lcs and with |

each increase in CSR regardless of past cyclic loadmg history.
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Table 4.1. Summary of testing conditions and test results of the test series K.

-

L

Test w o q Py & at u at Maximum Qs P,
number S . failure failure  positive u |

' % kPa kPa % kPa kPa kPa kPa
Kl . .26 0 2 5 4.2 131 7 31.3
K2 26 0 20 5 -1.8 114 61 26.3.
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CIUC triaxial test, K1
Strength at falure=72 kPa
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Fig. 4.1. Stress-strain, pore pressure-stiain, and stress path curves

for CIUC under monotonic loadiﬁg;. Test K1.
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CIUC triaxial test, K2
Strength at fallure=61 kPa

0,=300 kPa

Daviatoric siress (kPa)

Pore pressure change
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Fig. 4.2. Stress-strain, pore pressurejsu'ain,:énd stress path curves
for CIUC under monotonic loading: Test K2.
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(1) Cyclic test, S11
(2) Static test, K1
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Fig; 4.4. Stress-strain, pore pressure-strain, and stress path curves

for CIUC under one-way repeated loading: CSR=0.5, Test S11.
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Fig. 4.5. Stress-strain, pore pressure-strain, and stress path curves
-for CIUC under one-way repeated loading: CSR=0.63, Test S12.
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Fig. 4.7. Stress-strain, pore pressure-strain, and stress path curves ‘
for CIUC under one-way repeated loading: CSR=0.78, Test S14.
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CHAPTER 5

Behaviour of the Clay Crust Under Static and Repeated Loading

5.1 Monotonic Tests:

Undrained triaxizal tests were conducted on samples from the clay crust at depths of 2.7, 3.3 and
3.6 m. At each depth, two samples were taken to failure under static loading. The first sample
was consolidated isotropic_ally to in situ effective vertical stress while the second one was
consolidated anisotropically to in situ effective stresses. This was to provide a basis for
interpreting the results of cyclic tests which were done under similar conditions of testing and

- at the same depth. The rate of loading was always maintained constant and equal to 1 kPa/min.

The respon;sc of typical consolidated isotropically and anisotropically undrained tests at depth
of 2.7 m (T1 and T11); as an exarﬁple, are shown in Figs 5.1 and 5.2, respectively. In each plot,
stress-strain, pore pre!ssure-strain, and stress-path are shown. Similar curves were observed for
other depthé. The surﬁmary of the testing conditions and test results is given in Table 5.1. These.
test results demonstrate that, at the same depth of the crust, the anisotropically consolidated
samples showed higher strength and higher pore pressure comparedh to the isotropically

consolidated samples. The axial strain at peak deviatoric stress increases 4lightly with OCR.
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5.2 Repeated loading tests:

. 5.2.1 Test series CI1, C2, and C3:
Three test series conducted out on the clay crust are presented and discussed here. Each of these
test series was done at a different depth of the crust and used to examine the corresponding

parameter shown in Table 3.2. A summary of the testing conditions and test results is given in
Table 5.2.

Test series Cl1:

This test series comprises two tests. The samples used in these tests were taken from a depth
of 2.70 m of the crust (OCR=5.2). In the first test, the sample was consolidated isotropically to
the in situ effective vertical stress (32 kPa) and in the second test, the sample was consolidated
anisotropically to the in situ effective stresses ( 32 and 44.8 kPa). Both samples were subjected
to about 70 cycles. An amplitude equal to 13% of the maximum deviatoric strength ( g, obtained
from the static test) was used in both tests. Cycling was carried out at meun stréss of 45% and

55% of q, for the first and second sample, respectively.

Test series C2:

This test series comprises‘two tests. The samples used in these tests were taken from a depth
of 3.6 m of the crust (OCR=3.2) and consolidated isotropically to the in situ effective vertical
stress (39 kPa). In the first test C21, the sample was subjected to a total of 6 sets of cycles as
shown in Table 5.2. In the first set of cycles, the cyclic stress ratio uscd had'p maximum vilue
of 0.32 and a minimum value of 0.18. Changing from one set of cycles to the next, both of these |
values were iﬁcreased by 0.07. A fixed number of cycles (N=30) z}md‘,a constant amplitude of
. applied stress were applied in each set of cycles. HoWever, in the iust set of cycles, only one

cycle of loading was required to reach failure.

“In the second test, the sample was subjected only to the last 3 sets of identical cycles imposed

on the first test. For this sample, in the last set of cycles, only two cycles were required to reach -
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fatlure,
Test series C3:

This test series comprises three tests. All the samples used in this test series were taken from
a depth of 3.3 m of the crust (OCR=3.9) and consolidated isotropically to the in situ effective
vertical stress (36 kPa). In the first lésl C31, the sample was repeatedly loaded 30 times. A cyclic
stress ratio applied had a maximum value of 0.65 and a minimum value of 0.11. A constant
amplitude was maintained along cycling. It was observed that after the first 22 cycles of loading,
no additional residual pore pressure or axial strains were measured. The repeated loading was

followed by a monotonic one.

In the second test C32, the sample was repeatedly loaded until failure. A cyclic stress ratio
applied in this test has a maximum value of 0.75 and a minimum value of 0.11. A constant
amplitude of applied stress was maintained along cycling. This amplitude caused the failure of

the sample in 7 cycles.

 In the last test C33, the sample was subjected to a high CSR. This CSR has 2 maximum value
of 0.85 and 4 minimum value of 0.11. A constant amplitude was maintained. Due 10 this CSR,
a large deformation and axial strain were expected in this test. It was observed that the soil

sample reached the failure conditions in 5 cycles.

5.2.2 Test results: .

The typical response of this clay to undrained repeated loading at high and low cyclic stress
ratios, for tests C32 and C21 which taken as an examples", are shown in Figs 5.3(a) and (b),
respectively. In both these ﬁgures changing of pore pressu're and axial strains with time are
shown. At high levels of cychc stress ratio, the rate of development of both strams and pore :
pressure increase and becomes larger as cycling increases. At low levels of cyclic atress ratio,
both axlal strains and pore pressure build at a decreasmg rate with cyclmg until equilibrium is |
reached. |
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Series CI:

In this series two tests were conducted: C11 and C12. The samples used in both tests were
similar and had the same consolidation history as the samples used in static tests T1 and T11,

respectively. Reference should be made to Table 5.2 for test conditions.

Figs 5.4 and 5.5 show stress-strain curves obtained from tests Cl11 and C12, respectively. For
comparison, the stress-strain curve obtained from the static tests are also shown, During cycling,
in both tests, the axial strains develop at a decreasing rate and only small strain of 0.08% were
developed under cycling before stabilisation. This stabilisation indicates the critical level of
repeated loading for this soil lies above 55% of g, On subsequent monotonic loading, both
samples indicate a postcyclic strength which is very slightly higher than the static strength,
indicating that the imposed cycling did not cause any destruction of the soil structure. It is
possible that cycling causes an increase in the overconsolidation of the clayey soil which is
reflected in the small increase in the strength of the material. Since a higher cyclic stress ratio
of 0.55 was used in the anisotropically consolidated sample (C12) compared to the isotropically
consolidated sample (test C11), it can be concluded that the anisotropically consolid'uled sumples

are more resistant to repeated loading,.

Series C2:

Fig 5.6 shows the stress-strain, pore pressure-striin, and stress path curves obtained Trom test »
C21. In the first set of cycles, no significant axial strain was measured, however, an important
change in pore pressure of 12 kPa was measured despite the small CSR used.

In the second set of cycles, a small increase in cyclic stress ratio of 0.1 was upplied over that
used for the first set of cyél\cé. Due to this increase in CSR, an increase of 5.4 kPa was measured
in pore pressure and a 0.08‘?\6kin:axial strain. After 16 cycles of loading, the rate of development .

of axial strains tended to Zero, but the pore pressure did not. At the end of 30 cycles, the test was
stoppéd and the cfyqlic stress ratio was increased.

In the third set of cycles, the pore pressure increased continuously with cycling and no

:
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equilibrium conditions were observed. A total change of 6 kPa was measured. Only a small axial
strain of 0.1% was measured in this set of cycles. After 20 cycles, the axial strain reached

equilibrium.

In the fourth set of cycles, no increase in pore pressure was measured; however, the rate of
development of axial strain was somewhat accelerated but after 26 cycles a state of equilibrium
was reached. An increase of 0.18% of axial strain was measured in this set of cycles.

In the fifth set, application of a high cyclic stress ratio of 0.7 is used, higher than the CLRL,
caused the rate of the development of axial strain to accelerate and no equilibrium condition was
observed. Also no pore pressure increase was observed in the first 26 cycles. In the last 4 cycles,
a maximum increase of 2 kPa in pore pressure was measured. At the end of 30 cycles, the test
was stopped and the cyclic stress ratio was increased. In the last set of éyclcs, with a CSR of
0.8, no increase in 'pore water pressure wuas measured._ However, the rate of axial strain

accelerated and the sample failed in only 1 cycle.

'Iln the stress space represented in Fig. 5.6, the development of pore pressure, especially in the
first set of cycles, causes the migration of stress path to the left side. The failure envelope was

reached at a value of ¢/p'=0.91.

Fig. 5.7 shows the ’sn'es‘s-strain, pore pressure-strain, and stress-path curves obtained from test
C22. As mentioned earli'er, in this test the sample was subjected to the last three sets of identical
cycles imposed on the test C21. In the first set of cycles, both po}'é water pressure and éxial
strain develop at a decreasing rate, and significant pore pressure was developed (8 kPa).

However, only a small increase in axial strain was measured (0.1%). Pore pressure did not reach

-equilibrium; however, the axial strain reached equilibrium after 20 cycles of loading. In the

second set of cycles, an increase of 1.5 kPa in pore pressure was measured in the first few cycles
and that is the maximum value that can develop in the soil sample. However, the rate of

development of axial strain accelerated and no equilibrium conditions were observed. An increase

- of 0.21% of axial strain was measured in this set of cycles. Thus, it appears that the cyclic stress

ratio used in this set is higher than the CLRL. At the end of 30 cycles, the test was stopped and
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the cyclic stress ratio was increased.

In the last set of cycles, no increase in pore water pressure was measured. However, the rate of

axial strain accelerated and the sample failed in two cycles.

In the stress space (Fig. 5.7), the build up of pore pressure in the first set of cycles causes the
migration of stress-path to the left side. In the second set of cycles, the stress path is represented
by closed loops and reaches the failure envelope at /p'=0.87 in the third set of cycles. This value

is less than the one observed at failure in test C21,

For an analysis of the variation of both axial strain and pore pressure measured at the maximum
repeated stress with the number of cycles, reference should be made to Fig 5.8 (test C21). The
changes of axial strain in each step with the number of cycles cun be described by suaight lines,
and the slope of these lines increases with increasing CSR. However, the pore pressure increases

with the number of cycles in the.first three sets of cycles and then tends to stabilize.

In static test (T2), the pore pressure méasured at failure is around 23.5 kPa; however in test C21
in which the sample was subjecfed to a total of 151 of eycles of ‘loading, the pore pressure
measured at failure is approximately 33 kPa and in the test C22 (62 cycles of loading) the pore
- pressure measured at failure was around 29 kPa. This indicates cycling at low levels of CSR
causes the soil sample to develop more pore pressure. Similar behaviour was observed for axial
strain, when at higher cyclic stress ratio, a higher value of axial strain at peak st‘renggth;‘ wils
reached. In stress space also,'the higher the cycling the higher the value of y/p' at whiéh the

4

failure envelope was reached.

i P
<

From the test results of these two tests, the following conclusions can be drawn:

(1) Cycling below CLRL, causés a 'developmc‘m of more than 90% of the total pore pressure that
can develop in the soil sample, |
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(2) Cycling at low levels of CSR causes the stress path to iravel beyond the slow monotonic
loading effective stress failure envelope. For these samples the failure envelope is not

identical,

Series C3:

Fig. 5.9 shows the stress-strain, pore pressure-striin, and stress-path curves obtained from test
C31. Under cycling, both axial strain and pore pressure accumulate at a continuously decreasing
rate. An axial strain of 0.77% and change of pore pressure of 23 kPa were developed in the
sample under cycling. Both these values are very close 1o those obtained in static test at failure
(T3). At the end of cycling, repeated loading was followed by a monotonic one. It was observed
that this cycling causes a loss of strength of 11 kPa comparing to the static strength. This loss
of strength demonstrates that the cyclic stress ratio used is above a CLRL and the sample will
fail under cycling but at larger number of cyclés. Lefebvre et al. (1989), concluded from their
tests (on sensitive clay) that cycling below CLRL causes no decrease in static strength of the soil.
Therefore, from the test results of the test C31, a CLRL can be fixed at a level slightly less than

0.65, and a level of 0.60 is suggested.

At failure in test C31, the sample showed an axial strain of 1.2% but no increase in pore
pressure when compared to the static test. As shown in Fig 5.9, the stress path migrates to the

left side and the characteristic stress ratio was reached at value of g/p'=0.75.

Fig. 5.10 shows the stress-strain, pore pressure-strain, and stress-path curves obtained from the
test C32. As mentioned earlier, only 7 cycles of loading were required to reach failure. Both the
axial strail{ and pore pressure accumulate at an increasing rates until failure envelop,is reached.
A total of axial stram of 1% and a change of pore pressure of 24 kPa were developed in the
sample under cyclmg Comparing these changes wuh the ones obtalned in the static test, it is
noted 'that the axial strain is higher; however no increase in pore pressure was measured The

stress-puath reaches failure envelope at ¢/p'=0.75. A similar behaviour was observed in test C33.
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The sample showed a higher strain and no increase in pore pressure at failure compared (o the

static test. The failure was also reached at o/p'=0.75.
From these tests, the following conclusions can be drawn:

(1) When a cyclic stress ratio used is above a CLRL, no increase in pore pressure is measured
when compared to monotonic tests, However, the axial strain is largc. The stress path
reaches failure at equal values of g/p’, but these values are less than those obtained in the
static test. The failure envelope for these samples is identical and is bounded by monotonic

loading effective stress failure envelope.

(2) Since the pore pressure developed under cycling is the same as that in the sttic est, the
reduction in postcyclic strength is a function of the amount of cyclic straining under
cycling. .

f

i

5.2.3 Behaviour of overconsolidated clay crust below the CLRL:

[t was concluded from previous test series that the CLRL exists for this soil. Below the CLRL,
only a small axial strain developed in the soil sample. The magnitude of this strain is function
of the CSR used. However, more than 90% of the total pore pressure that can develop in the soil
sample under cycling occurs in this stage. The remainder develops when the CSR becomes higher
than the CLRL. |

It is further found that with each step of increase of CSR, an additional axial strain always
developed in the soil sample. The variation of the axial strain with the number of eycles can be
described by a straight lines, as shown in Fig. 5.8. The slope of these lines increases with

increasing in CSR. -

- ' ,‘

78



5.2.4 Behaviour of overconsolidated clay crust above the CLRL:

In this stage, the rate of the development of the axial strain accelerates with cycling until failure
occurred. The samples cycled in this stage failed at an axial strain greater than the one obtained
in the static test. However, the development of the pore pressure under cycling depends on
whether or not the clay is subjected to cycling below the CLRL. When the soil sample is
subjected to cycling below a CLRL, as in the case of test series C2, most of the pore pressure
that can develop in the soil sample develops in this stage. The remainder develops after when
the CSR becomes higher than the CLRL. The soil sample fails at higher values of q/p' compuared

to the one obtained in the static test.

If the soil sample is sdbjected only to cycling at higher values of CSR (above CLRL), cycling
causes only a development of the same amount of pore pressure as the one measured in the static
test. The failure envelope is reached at lower values of q/p’ compared to the one obtained in the
static test. The failure envelope for all specimen cycled in this stage is identical. The variation
of cyclic stress ratio with the number of cycles shows an upward concave curve, similar o the
one observed for kaolinitic clay. The effective stress-path migrates to the left side and the closed

loops become larger until failure envelope is reached.

£

- 825 Ka()linitic clay versus clay crust:

Since the kaolinitic clay is a normally consolidated clay and the crust is an overconsolidated
clay, a difference in the response of these clays under static and repeated loading is expected.
Therefore, a} comparison of the behaviour of these clays under static and cyclic loading in terms
of the development of both axial strain and pore pressure seems necessary. The effect of cycling
on both the OCR and strcrigth of the soil and the sensitivity of these soils to the variation of the

“CSR are discussed here.

)
'

The CLRL divides the response of both these clayey soils under cycling, in terms of the rate
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of development of axial strains, in two different stages. Below a CLRL, under cycling, only u
small axial strain can develop in the soil sample before the equilibrium conditions are reached.
The magnitude of this axial strain is a function of the cyclic stress ratio and the OCR of the
material. Above a CLRL, the rate of development of axial strains increases with eycling until
failure envelope is attained. In this stage and for the same material, the larger the amplitude of
applied stress, the less the number of cycles required to reach failure, When cycling at the same
CSR, the more overconsolidated the soil, the lower is the axial strain produced and less the
number of cycles required to reach failure. However, according to the data presented in chapiers
4 and in this chapter, a critical factor appeurs to be whether or not the repeated loads lead o a

. pore pressure build up which brings the soil to failure.

For kaolinitic clay, the change in pore pressure under cycling is similar to the change in axial
strain. Below CLRL, a significant negative pore pressure dévclopcd in the soil sample before
equilibrium conditions is reached. In this stage, the behaviour of this soil under cycling can be
described by some equations which are function only of the amplitude of applied stress. On
cycling at higher values of CSR (greater than a CLRL), a negative residual pore pressure is
associated with each additional cycle of loading until failure is reached. For this clay, cycling at

any CSR causes more development of negative pore pressure at failure,

For the overconsolidated clay crust, the change in pore pressure is dependent on stress history
that the soil sample was subjected to. If cycling is at low levels of the CSR (below the CLRL),
more than 90% of the total pore pressure that can develop in the soil sample, develops in this
stage as shown in Figs. 5.6 and 5.7. This increase in pore pressure causes the migration of stress
path close to the failure envelope before equilibrium conditions are reached.

- If cycling occurs at higher values of CSR greater than CLRL, the rate of development of pore
pressure increases with cycling until failure. In this case no increase in pore pressure is observed

compared to the one measured in the static test.

For both clays, it was observed that cycling below CLRL causes a very slightly increase in the

strength of the soil. This increase may be caused by the fact that cycling at this level causes no
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destruction in soil structure but causes an increase in overconsolidation of the material which is

reflected in a small increase on the strength of the soil.

The effect of a step increase in CSR on the behaviour of both clays was investigated. For
kaolinitic clay, a step increase in CSR causes an accumulation of positive axial strain and a
negative pore pressure in the soil sample (below CLRL). When CSR becomes higher than CLRL,
the rate of development of both axial strain and pore pressure increases with the number of
cycles until failure occurs. For the overconsolidated clay crust, a step increase in CSR (below
CLRL}) causes a small change in axial strain and an increase of more than 90% of the total pore
pressure that can develop in the soil sample. When CSR becomes higher than CLRL, the rate of
development of axial strain increases with cycling; however, no increase in pore pressure is

observed.
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Table 5.1. Summary of the testing conditions and test results of the test series T.

Test Depth W q, P OCR ¢ U (a/p'); | g

number m % . kPa kPa % kPa kPa

Ti 2.78 396 00 3100 352 100 230 0.78 98.5

Tl 278 390 -69 3795 52 096 295 074 104.7
0.60

T 333 403 00 360 39 067 248 0.79 90.0

T22 3.33 403 -54 414 39 30.1  0.75 100.6
0.67

T3 3.60 410 00 4100 32 065 235 075 83.5

T33 = 3.60 410 -2.1" 43.05 32 ‘ 274 074 88.6
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Fig. 5.1. Stress-strain, pore pressure-strain, and stress-path
curves for CIUC under monotonic loading: Test T14.
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Fig. 5.2. Stress-strain, pore pressure-strain, and stress-path
curves for CAUC under monotonic loading: Test T22.
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Fig. 5.3(a). Change in behaviour of clay crust during undrained
loading at low levels of CSR: Test C21, CSR=0.25.
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Fig. 5.3(b). Change in behaviour 6f clay crust during undrained
loading at high levels of CSR: Test C32, CSR=0.75.
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Fig. 5.4, Stress-strain, pore pressure-strain, and stress path curves for
CIUC under one-way repeated loading: Test C11, CSR=0.52.
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' Fig. 5.5. Stress-strain, pore pressure-sirain, and stress pﬁth curves for
CAUC under one-way repeated loading: Test C12, CSR=0.62.
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Fig. 5.6. Stress-strain, pore pressure-strain, and stress path curves for
CIUC under one-way repeated loading at different CSRs: Test C21.
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Fig. 5.7. Stress-strain, pore pressure-strain, and stress path curves for
CIUC under one-way repeated lcading at different CSRs: Test C22.
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CIUC under one-way repeated loading: Test C31, CSR=0.65.
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CIUC under one-way repeated loading: Test C32, CSR=0.75.
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CHAPTER o

Further Consideration on the Effect of Cycling

on Behaviour of Clayey Soils

6.1 Variation of the CLRL with the Amplitude of Applied Stress

Several experimental works have been carried out to explore the concept of CLRL or threshold
limit, below which the soil will not suffer failure regardless of the number of cycles. The
published data and the data reported in chapters 4 and 5 indicate the existence of CLRL for most
soils at different testing conditions. In general, a CLRL is evaluated by a series of stress
controlled tests. However, other investigators, e.g. Procter and Khaffaf (1984), used the strain
controlled tests. They defined the CLRL by performing strain controlled tests at a low level of

strain and observing the strength reduction as the test progressed.

The most common definition for the CLRL in terms of :hc axial strains is that the CLRL is a
limit below which a state of non-failure conditions will be reached. In this state, the stress-strain
curve follows a closed hysteresis loop. Above the CLRL, each additional cycle of loading
produces additional plastic deformation and the clay eventually fails. This behaviour was "
observed on both kaolinitic and clayey crust soils (as reported in Chapters 4 and 5). The
apparently complex behaviour of soils under repeated loading is related to the conditions under
which the repeated load leads to a pore pressure build up that brings the soil to the effetiive

stress failure envelope.
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The reported data in the literature showed that the CLRL is affected by different parameters,
such as OCR, type of cyclic loading (one-way or two-way), frequency, plasticity of the soil.

However, the amplitude of applied stress can be considered also from these parameters which has
an effect on CLRL.

Theoretically, it is very easy to demonstrate that as the amplitude of applied stress decreases,
the CLRL increases. However, the mode of this change can not be demonstrated theoretically and
requires experimental work. No experimental work has been conducted 1o investigate how the
CLRL changes with the amplitude of applied stress. The approximate evaluation of the CLRL

for a specific amplitude of applied stress requires at least three tests.

Here, a test series (S3) was conducted on kaolinitic clay to investigate the questions raised

above. The CLRL is evaluated for 4 different amplitudes of applied stresses.

Test series S3:

This test series is divided in three groups. Each group of tests contains three tests and is used
to evaluate CLRL for a specific amplitude of applied stress, The samples used in these groups

of tests are similar and had the same consolidation history as the sample used in the static test
(K1).

Based on equilibrium conditions, failure conditions, and posicyclic strength, the CLRL was
evaluated. The test results obtained f:;om these test series are plotted in Fig. 6.1. This figure

shows the variation of the CLRL with the amplitude of applied stress, in which:

CLRIZCSR, X 4

and the amplitude of applied stress changes between two limits L, and L,, in which:

Ll =CSRminxqf
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LZ :CSRmu.x X qJF

where:
q, = maximum deviatoric stress obtained in static test K1 (72 kPa),

CSR,,.. = maximum cyclic stress ratio correspond to CLRL,

max

CSR,,,, = minimum cyclic stress ratio considered.

In Fig. 6.1, the upper limit was taken to be linear. Therefore, the discussion must be only in
terms of the lower limit. As can be observed in Fig. 6.1, there seems to be a linear relationship
between the CLRL and the amplitude of applied stress used (lower limit). This relationship may
be valid only for the homogeneous clayey soils such as the case of the kaolinitic élay used in this
investigation. However, for non-homogeneous soils the change of CLRL with the amplitude of |
applied stress may not be linear. Fig. 6.1 demonstrates the existence of two zones. The zone
between the lower and upper limits is the stabilization zone. Above the upper limit is the failure
zone. The space of these zones is affected by different parameters including frequency, pulses

shape, and the OCR of the material.

Note that the above results are valid 6nly for a uniform amplitude of applied stress.

6.2 Effect of the frequency on the behaviour of soils

It seems likely from the data reported in literature that the change in frequency has more effect

on the more plastic clays. Alst;, the slower cycles of loading cause more damage than the faster
~ once because it gives the clay more time to follow the applied load and thus are likely to produce
greater strains and greater pore pressures. Because of the slow rate of loading used in this
investigation, it is of interest to study the effect of frequency. This slow rate probably allows pore
pressure equalization along the specimen and permits an accurate measurements of pore pressure

at the ends of the specimen. Hence, a reliable assessment of the effect of the frequency on
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behaviour of soils can be made. To achieve this objective, a test series $4 (see Table 3.2) was

conducted on kaolinitic clay.

Test series S4:

This test series comprises only two tests. The samples used in both tests are similar and had the
same consolidation history as the sample used in static test K1. In the first test S41, the sumple
was sheared monotonically to failure under a rate of loading equal to 0.5 kPa/min and compared
to test K1 (rate = 1 kPa/min). In the second test S42, the sample was repeatedly loaded at a
frequency of 0.001 Hz and compared to the test S14 in which the sample was repeatedly loaded
to failure at a frequency of 0.00017 Hz. Note that the same amplitude of applied stress v;vns used
in both tests S42 and S14.

Fig. 6.2 shows the stress-strain, pore pressure-strain, and stress-path curves obtained from both
undrained static triaxial compression tests S41 and K1. This figure demonstrates clearly that the
decrease in the rate of loading leads to a decrease in static strength, and less development of

positive pore pressure. Also no negative pore pressure develops at failure in the test S41.

Fig. 6.3 shows the stress-strain curve obtained from the test S42. Also shown in this figure is
the stress-strain curve obtained from the test S14. As observed in Fig. 6.3, despite the
development of a large axial strain of 3.2% in the soil sample (test §42) under cycling, the
equilibrium condition was reached after a larger number of cycles of loading (90 cycles). Also
a higher postcyclic strength were measured in this test compared to the static test at a rate of
loading of 1 kPa/min. These test results demonstrated that the ffcqucncy has an effect on .
behaviour of soils. Uﬁder the same conditions of testing, only increasing the frequency from
10.00017 Hz to 0.001 Hg, a state of failure and non-failure conditions were reached. As previously -
mentioned, the behaviour of this clay above a CLRL is divided in three stages, primary,
secondary, and tertiary. Fig. 6.3 demonstrates the increasing in frequency increases the number

of cycles in the primary stage.
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6.3 Effect of the fluctuation of pore pressure on strength of the soil

It is known that the fluctuation of pore pressure has an effect on the overconsolidation of soils.
Rising of water table causes a reduction in the effective overburden stress. This reduction results
in an increase of the overconsolidation ratio which has a pronounced effect on the value of K.
The stress-path may undergo Path ABC as shown in Fig. 6.4. A subsequent, dropping of water
table causes a decrease in overconsolidation ratio and the stress-path as represented by path CD.
Subsequent unloading and reloading by seasonal water table fluctuation is likely to cause the
stress path to occur within the loop ABCDA. In this section, the effect of the fluctuation of water
table is studied and the objective is to examine whether the fluctuation of water table has an

effect on the strength of the soil.

Test series 85:

A répcated loading sequence involving triangular variation of back pressure at a frequency of
0.0007 Hz and a constant confining pressure was applied on a sample of kaolinitic clay. The
sample used in this test was taken from the second block of commercially acquired kaolinitic clay
and had the same consolidation history as the sample used in test K2, This sample was subjected
to a total of 70 cycles of change in back pressure, as shown in Fig. 6.5. The amplitude of applied
stress is approximately 12 kPa which corresponds to a rise of the original water table by 1.2 m.
At the end of cycling, enough time was provided to ensure that the pore pressure developed
during cycling in the soil sample was dissipated. Then, the drainage valves were closed and the

sample was taken to failure under monotonic loading at a rate of loading of 1 kPa/min,

/ Stress-strain, pore pressure-strain, and stress-path curves obtained from this test and the
corresponding static test are shown in Fig. 6.6. As can be observed in this figure, clearly a loss
of strength of approximately 13% was caused by cycling of back pressure. In the stress space,
the failure envelope was reached at different values of g/p'. A lower value of g/p' is obtained for
the soil sample with previous cycling. The pore pressure-strain curves obtained from both tests
were identical. Therefore, the reduction in postcyclic strength may be related directly to some

strains induced in the soil sample during cycling.
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The increase in the level of back pressure reduces the effective stresses applied to the soil
sample and may also induce an increase in pore pressure inside the soil sample. This pressure
may cause some rearrangement of the particles of the soil. However, in this test, only a small
change in back pressure of 12 kPa was applied to the soil sample. This small change may not
have a significant effect on the rearrangement of the particles. The effect of the water table on
strength of the soil can be related to the reduction in effective stresses applied to the soil sample
during cycling. An increase in back pressure causes a reduction in the effective stress and the soil
sample dilates. Unloading of back pressure causes an increase in the effective stress and the soil
sample is compressed. Thus, both dilation and compression of the soil sample are associated with
each cycle of loading and the tangent modulus decreases and the failure envelope is reached at
lower values of q/p'. The reason for this behaviour are not clear. The identical pore pressure-

strain curves obtained from both tests demonstrate the existence of a relationship between pore

pressure and axial strains.

6.4 Effect of cycling on overconsolidation of the material

It is reported in literature that loading and unloading leaves a residual pore pressure in the
soil, makes a soil behavle as an overconsolidated soil (e.g. Wroth and Loudon 1967). Also
Lefebvre et al. (1989) observed in their triaxial tests on normally consolidated clay that cycling
causes an apparent overconsolidation of the material. The test results obtained from bothl
kaolinitic clay and overconsolidated clay crust reported in chapters 4 and 5 demonstrate that
cycling below CLRL causes.an increase in the overconsolidation of the matertal. - This is
demonstrated by the fact that the postcyclic strength obtained from the samples which reached
the equilibrium conditions is always very slightly higher than the one obtained in the st:itic test.
The stress path reaches the failure envelope at different values of g/p'. The maximum value is
obtained for the samples subjecled to more cycling. However, kaolinitic clay is a normally
consolidated clay and a clay crust is an overconsolidated clay. Thereforg, the verification must

be done for a slightly ovcrconsolidatcd clay (test series C4).
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The samples used in this test series were trimmed from the crust in horizontal direction at a
depth of 3.20 m to simulate a lightly overconsolidated clay. Therefore, the in situ effective

vertical stress becomes the "horizontal stress" and vice versa.

First, the in situ stress ratio (G',,/G'y,) was determined which found equal to 0.‘75 (test C41).
During this stage, the vertical stress was increased slowly (0.02 kPa/min) so that there was no
excess pore water pressure developed. The lateral-displacement transducer activated an increase
in the horizontal stress to maintain the conditions of zero lateral sirain. In the test C42, the
sample was consolidated isotropically to the vaiue of 0.3 times the in situ effective vertical stress.
Then, the specimen were subjected to two sets of cycles in undrained conditions, as shown in
Fig. 6.7. In the first set of cycles, 11 cycles were applied to the sample at a freq.uency of 0.00025
Hz. [n the second set of cycles, 70 cycles were applied to the sample at a frequency of 0.00035
Hz, The amplitude of applied stress was kept small to ensure that no destruction of the soil
structure is caused by cycling. This cycling causes only a development of a total axial strain of
0.49% and a change in pore pressure of 6 kPa. These values are very'small compared to the ones
measured at failure in the static test (5% in axial strain and 26 kPa in pore pressure). At the end
of cycling, both horizontal and vertical effective swesses were reduced to a value of 0.3 @'y, and
then the pore pressure accumulated under cycling was allowed to dissipate. Then, the value of |
the in situ stress ratio ©',/0,, Was determined which found equal to 0.82. This test results
indicate that cycling causes an increase in the in situ stress ratio. Since the pore pressure
developed under cycling was allowed to dissipate, this increase in the in situ stress ratio can be

related to the plasti'c strain developed in the soil sample.

Two other tests were conducted on this clay (tests C43 and C44). In the test C43, the sample
was taken to failure at a rate of loading (1 kPa/min), where in the test C44, the specimen was
subjected to the same stress history as the one imposed on test C42. In the latter test, after
cycling the specimen was consolidated to the in situ stresses after cycling and then was taken to
failure at a rate of loading of 1 kPa/min. Fig. 6.8 shows the stress-strain, pore'pressure-strain, and

stress-path curves obtained from both undrained triaxial static tests C43 and C44. This figure
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demonstrates that cycling causes a very small increase in strength of the soil and less
development of the pore pressure. In stress-space, the shape of the stess path for static loading
of sample with previous cyclic loading migrates to the right side compared to the static test
without previous cycling. This stress-path moves towards the right direction, resembling the

stress-path observed for highly overconsolidated soils.

Tt can be concluded from the test results reported in this thesis on the effect of cycling on
overconsolidation of soils that, repeated loading below the CLRL, causes an increase of the
overconsolidated of soils. This increase can be related to both axial strains and residual pore

pressure developed under cycling.

6.5 Effect of cycling on postcyclic strength

It is well known that when the deviator stress is applied to the clay samples, there is an
immediate straining of the soil and an increase or decrease in the pore pressure. As 2
consequence of this, a loss in strength of the soil occurs which is the most dramatic effect of
cycling on the behaviour of clayey soils. The question here is. whether this loss of strength can
be related to the increase in axial strain, pore pressure, or to both of them. The reported data in
literature indicate that the reduction in postcyclic strength is ‘function of the amount of cyclic
st;‘aiﬁing a clay sample suffered before it is lcaded monotonically to failure (Thiers and Seed,
1969). Later, this strain-dependent hypothesis was confirmed by different investigators including -
Lee and Focht (1976), Lee (1979), and Anderson et al. (1980).

The test results obtained from both kaolinitic and crust clays demonstrate that the pattern of
axial strain under cycling is quite similar for most clayey soils. However, the change in pore
pressure may vary from one soil to another. Also, as explained before, the loss of s&cngth in
kaolinitic clay caused by the fluctuation of water table may be related to the strain induced in
~ the sample during cycling. From these two reasons, it can be concluded that the reduction in

postcyclic strength can be related to the axial strains that the soil sample suffer before it is loaded
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monotonically to failure. It is of interest to study the reduction in postcyclic strength after

identical kaolinitic clay samples are subjected to varying axial strains under cyclic loading.

Fig. 6.9 shows the results of such tests (test series S6) where postcyclic strength after loading
above the CLRL was determined after the application of arbitrarily chosen strains of 1.8%, 2.9%,
and 4.2% had been imposed on the samples. These strains, although arbitrarily chosen were
nevertheless selected to bring the sample to the primary, secondary, and tertiary stage of the
stress-strain behaviour. In each test of test series S6, after a fixed axial strain was reached, the

test was stopped and the sample was taken immediately to failure under monotonic loading.

Fig. 6.9 shows that the postcyclic undrained static strength decreased as a result of increased
strains on cycling. In this figure, curve 1 shows the stress-strain curve for kaolinitic clay. Curve
2 shows the postcyclic strength after the sample had been subjected to a cumulative strain of
1.78%. A loss of strength of 1.5 kPa is observed. In a similar fashion, curves 3 and 4 show
postcyclic strength after cumulative cyclic strains of 2.9% uand 4.2%, respectively. These

posteyclic strength decrease by 5 kPa and 9.5 kPa when compured to the static strength,

' 102



A
<

Amplitude of applied stress
8

Failure zone Upper limit

W | ower limit

Stabilization zone

50 55 60 . 65
CLRL

Fig. 6.1. Variation of the CLRL with the amplitude of applied stress. -

103

70



{1) rate of oading = 1 kPa/min
{2) rate of loading = 0.5 kPa/min

Pore pressurs change

Deviatoric stress (kPa)

L
[an )}
o
—
m-
w-
S
[4,]

Axial strain (%)

(1) rate of ioading = 1 kPa/min
(2) rate of loading = 0.5 kPa/min

30

T 20

Fig. 6.2. Stress-strain, pore pressure-strain, and stress-path curves
for CIUC tests under monotonic load: Tests K1 and- S41.

’

104



(1) Test S4, 1=0.001 Hz
(2) Test S14, £=0.0002 Hz

:
" —— -

Monotonic loading

(ed¥) ssa4qs ouojelne(

J

Fig. 6.3. Stress-strain curve for CIUC test under one-way repeated loading: Test S42.

Axial strain (%)

105



Change in back pressure (kPa)

Eflective A
vertical
sirass
Unyoading
Virgin lgatling
o) -

Effective horizontal stress

Fig. 6.4. Simplified stress history of soil subjected to fluctuation of water table.

45
Rate of loading and unloading = 1 kPa/min
Total number of cycles ~ 70 .
30
15- | |
0 MWWM‘ —
0 - 700 1400 2100

Time (min)
‘Fig. 6.5. A stress history applied to the sample S51.

' 106



(1) Static test
(2) Sail behaviour aiter fluctuation
of water table

Deviatoric stress (kPa)

Change in pore prassure

Axial strain (%)

{1} Static test
{2) Soll behaviour aller fiuctuation
of water table

301

T 201

70

Fig. 6.6. Stress-strain, pore pressure-strain, and stress path curves
for CIUC tests under monotonic load: Tests K2 and S51.
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Fig. 6.8. Stress-strain, pore pressuré—strain, and stress-path curves
for CIUC tests under monotonic load: Tests C42 and C44.

109

v
60
o~ 50- ) (1) Static test .
& (2) Postcyclic behaviour
=
g <01
@
Q Pare pressure change
5 30- '{ :
S 1
=
@D
a 20-
10+
0 Initial confining pressure = 63 kPa
0 1 2 3 4 5
Axial strain (%)
35
= 0,74
30- PN
251
20"
o
157
10-
51 (1) Static test
(2) Postcyclic behaviour
0 U L) L 1
0 10 20 30 40 50 60



Deviatoric stress (kPa)

(1) Static test, K2
| (@) Tests61

707 (3) Test S62

(4) Test S63

o
— ]
n
w
NN

- Axial strain (%)

Fig. 6.8. Stress-strain curves for CIUC tests under one way
repeated loading: Tests S61, $62, and S63.

- 110

U'-




CHAPTER 7

Laboratory Evaluation of K, for Overconsolidated Sands

7.1 Introduction

Most soil deposits are subjected to the change in geologic conditions, which are associated with
sedimentation, erosional, and other processes. This change may cause an overconsolidation of the
soil and makes the determination of in situ stresses difficult. However, the evaluation of the in
situ stresses for these soils is necessary for variety of geotechnical problems including the

problems related to deformation behaviour, excavation, foundations, and numerical analysis.

The prediction of the in situ state of stress of overconsolidated soils has been of considerable
interest to soil engineers over 100 years. Tests have been conducted by a number of investigators
who have employed various methods and equipment to evaluate the in situ stresses. The
relationship between the vertical and horizontal effective stresses is usually expressed by the .
coefficient K;=0",4/C'yq, known as the coefficient of earth pressure at rest. The evaluation of this
coefficient is one of the most difficult tasks of the in situ testing. The in situ vertical effective
siress can be easily estimated from a profile of effective overburden stress with depth. But the
magnitude of the horizontal effective stress has remained speculative because the measurement
of this stress is highly dependent on the geologic history of the soil and a reconstruction of this
in laboratory is difficult, Practically, it is virtually impossible to install an earth pressure cell in

situ especially for cohesionless soils, for example, without causing a densification of the sand
around the cell.

/
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Several empirical and theoretical relationships for the evaluation of K, for normally consolidated
soils” have been postulated. The most widely used relationship is a simplified version of
theoretical expression (Jaky; 1948), in which K, = 1 - sind’. However, Feda (1984) raised two
objections against it. But, Mayne and Kulhawy (1982) maintained its validity for cohesive soils

and suggested caution only for cohesionless soils.

The determination of K, for overconsolidated soils is a complex problem. Using laboratory
methods to predict the in situ state of stress in most natural soil deposits is impossible because
they have undergone a complex stress history of loading and unloading which is difficult to
“ reconstruct precisely. Various investigators have investigated this concept and some expressions
have been proposed (e.g.; Schmidt 1966; Wroth 1975; Mayne and Kulhawy 1982). However,
. these expressions can not estimate K, exactly and still no reliable mathematical expression or

laboratory method apparently exists for the evaluation of the in situ stress for these soil deposits.

This chapter presents a method for evaluation of K, for heavily overconsolidated sand using a
stress-path triaxial apparatus. This method was proposed by Gargé and Khan (1991) who applied
it for overconsolidated clays. They evaluated K, for undisturbed samples of overconsolidated clay
and examined the .validity of this meihod by using a sample of known stress history. In this
investigation, the above method is applied to samples of known stress hiswries of an
- overconsolidated sand. The effect of the change in geologic history on the estimation of K, by
the proposed method is demonstrated and simulation of that in laboratory is undertaken by
subjecting the sand samples. to one and two cycles of loading at higher amplitudes of applied
stresses. The rate of loading and unloading is approximately 0.05 kPa/min. This rate is slow
enough to ensure full consolidatibn during testing. It has been found the proposed method can

reproduce the imposed K, value.
7.2 Stress history of overconsolidated sands

A simplified stress history for a homogeneous soil deposit with horizontal ground surface is

shown in Fig. 7.1. The line OA indicates the stress path due to virgin loading of the soil,
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associated with sedimentation process during which the soil is normally consolidated under K,
conditions. The stress path presented by the curve ABC indicates a reduction in the effective
overburden stress due to some erosional process, excavation, ete. This reduction in overburden
pressure causes an overconsolidation of the soil, in which the overconsolidated ratio (QCR =
O'\ma/O'y) increases, and hence K, increases. If loading is reapplied to the soil due to some
mechanisms such as surcharge load, the stress path will be represented by the curve CDE. This
curve may be a straight line (Wroth 1975). Point E represents the in situ conditions with present
stresses O'yy, and o'y, The objective of the proposed method is to evaluate the in situ effective

stress represented by the point E whatever is the complex stress history undergone by the soil.

7.3 The proposed method

This method was proposed by Garga and Khan (1991) w %o applied it for overconsolidated clay,
This method is based on the concept that if an undisturbed overconsolidated soil sumple is
consolidated isotropically to the effective in situ vertical stress and subsequently the radial stress
increased while maintaining the effective in situ vertical stress constant, the soil sample will
experience significant axial strain only when the radial stress exceeds the effective in situ
horizontal stress. The concept is shown in Fig. 7.2, in which the sample is first consolidated
isotropically to "in sitn” effective vertical stress (point F), then the effective horizontal stress is
increased in drained conditions at a low rate of loading (0.05 kPa/min) while keeping the vertical
stress constant. The soil sample will experience a significant axial strain only when the hofizontal

effective stress exceeds the effective in situ horizontal stress (point E). A typical plot €,-0'; plot
is shown in Fig, 7.3.

7.4 Material and testing procedure

All wiaxial tests described in this study were performed on crushed silica sand number 24.
Particles of this sand are angular and with diameter varying between 0.1 and | mm. The
measurement of density was not taken in consideration, and are unimportant for this

investigation, since the verification of the method was carried out on soil specimens previously
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subjected to known stress histories.

Drained triaxial tests were carried out on this sand under stress controlled system, The triaxial
apparatus used is the one described in section 3.3. As mentioned in that section, the apparatus
has the capability of applying vertical and radial stress independently to simulate different various
stress palhs..The stress application can be controlled by computer which is preferable for this

purpose,

The preparation of the sample was undertaken by compacting a sand in different layers, each
layer being 2 cm in height. Hand compaction was used to obtain overconsolidated specimen (
Duncan and Seed 1986). The final dimension of the sample was 50 mm in diameter ﬁnd a hight
to diameter ratio of two. An all-around consolidation pressure was first applied, which varied
between 20 up to 250 kPa for this series of tests. This, was done to investigate the effect of

confining pressure on the accuracy of the method.

Simulation of in situ stresses was undertaken by consolidating the soil sample arbitrarily to some
known anisotropic stress maintaining K.>1. After full consolidation, the vertical and horizontal
stresses were reduced simultaneously in drained condition to a low value of isotropic stress
(generally approximately 4 kPa). Then, the saumple was consolidated isotropically to the
_previously imposed in situ vertical stress. The test was continued fully drained by next increasing
the radial effective stress while keeping the vertical effective stress constant. The rate of loading
was fixed at 0.05 kPa/min which was slow enough to permit a full dissipation of excess pore

pressure.

7.5 Evaluation of K, by the proposed method using samples of knownstress histories

Normally, two different methods can be used -to consolidated the soil samples to the
anisotropical state in which the values of K=6",/c", were greater than unity. In the first method,

the soil samples are consolidated arbitrarily to some anisotropic stress state without imposing a
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condition of no lateral deformation. The consolidation stresses can be applied simultaneously in

horizontal and vertical directions. The final consolidation stress ratio in this case is K,, and not

K,.

In the second method, the soil samples are consolidated under K, condition to some anisotropic
stress level (Ky>1). This method simulates a more realistic field stress history of an
overconsolidated soil. Both these methods were applied by Garga and Khan (1991) on remoulded
clay. They found that, using both these methods, the imposed in situ horizontal stress could be
estimated by the proposed method accurately. Consequently, in this study only the first method

was considered for verification of the technique for sands.

Soil samples were consolidated to some known anisotropic state with K.>1. After simulating a
known stress history, the samples were tested to verify whether the proposed method would

replicate the horizontal stress which was previously imposed.

Interpretation of test data

RERR

The sand sample was first consolidated anisotropically to an arbitrary imposed in sitﬁ stresses
O'yp and O'yp. The stress path for this anisotropically consolidation is the straight line OE, as
shown in Fig. 7.2, After full consolidation, both imposed in siw stresses were reduced
simultaneously to some low isotropic stresses (6 kPa) with a measured negligible horizontal radial
strain less than 0.05%. By consolidating the sample isotropically to the imposed in sglu effective
vertical stress, point F in Fig. 7.2, and continuing the test fully drained by increasing the radial

stress while keeping the vertical one constant.

The results of 5 tests consolidated under a different anisotropic stresses (K >1), are presented
in Table 7.1. In these tests, each sample was consolidated anisotropically to values of K, that
varied from 1.2 to 3.6, Test plots of axial deformation and effective horizonal stress indicate that
the measured horizontal stress replicated the imposed the “in situ" horizontal stress exactly, as
shown in Figs 7.4(a) to (e).
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7.6 Effect of the change in geologic conditions on the estimation of K, by the proposed

method

Most soil deposits are subjected to the change in geologic conditions, which are associated with
sedimentation, erosional, and other processes. This change causes an overconsolidation of the soil
and makes the determination of in situ stresses difficult. The applicability of the proposed method
to measure K, for these soil deposits is investigated. The technique used to simulate the change
in geologic conditions in laboratory is by subjecting soil samples to one and two cycles of
loading. The rate of loading and unloading was slow enough and around 0.05 kPa/min to ensure
a full consolidation during testing. In fact, one cycle of loading represents only one series of
sedimentation and erosional process. However, two cycles may represent a more complex stress

history of the soil.
7.6.1 One cycle of loading:

Two drained trinxial tests R1SO1 and R1S02 were carried out in which the sample was
consolidated first along the stress path presented by the line OA in Fig. 7.5. Unloading was
continued from point A to E. After full consolidation, the imposed in situ stresses were reduced
to some isotropic low stress (6 kPa). By consolidating the sample isotropically to the imposed
"in situ" effective vertical stress and by applying the proposed method, it is found that the sample
experienced significant axial strain only when the horizontal stress exceeds the “in sit”

horizontal stress pfesented by point E.

Test results

i

The results of tests R1S01 and R1S02 are presented in Table 7.2. Fig. 7.6 shows &'y versus @'y,
Gy versus axial strain, and o'y versus axial strain during loading and unloading for the test
R1802. This figure indicate that, the sample was consolidated to a maximum value of ¢'y=162.1
and ¢',=123.4 kPa. During this loading stage, only an axial strain of 0.17% was developed. After

that, the sample was unloaded to an effective state of stresses of ¢'y,=38.7 and ©',=63 kPa.
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These values are the imposed "in situ"” effective stresses on the sample. At the end of unloading
only 0.03% of axial strain remained in the soil sample. After complete consolidation at the
imposed "in situ" stress condition, the effective stresses were reduced to some low isotropic
stresses (6 kPa). By next consolidating isotropically the sample to the imposed in situ vertical
effective stress (6'y;=38.7) and by applying the proposed method, the value of the effective in
situ horizontal stress estimated from the proposed method was found equal to 61.5 kPa. Similar
behaviour was observed on test R1501.

The test results for both tests R1S01 and R1S02 are summarised in Table 7.2 and plotted in Fig.
7.7. These results demonstrate that the proposed technique can replicate the "in situ" stresses

irrespective of the stress imposed by the initial cycle of loading.

7.6.2 Two cycles of loading:

In order to further explore the validity of the technique, two tests R2501 and R2802 were
conducted with different previously imposed stress conditions. In test R2801, the sample was
consolidated along stress path OABCE as shown in Fig. 7.8(a). The impoéed in situ effective
vertiéal stress at point B is lower than that at point E. In the test R2502, the sample was
consolidated along stress path OABCE (Fig. '7.8(b))4, where the imposed in situ effective vertical
stress at point B is higher than at point E. After complete consclidation at stress state E, the
imposed in situ stresses in both samples were reduced to some low isotropic stress (8 kPa). By
consolidating isotropically both of the samples to the imposed in situ vertical suresses and by
applying the proposed method, it is found that both samples experience axial extension strain

only when the effective horizontal stress exceeds the in situ horizontal stress imposed at point
E.

Test result

The results tests R2S01 and R2502 are presented in below. Figs 7.9 and 7.10 shows o'y versus
O'y, O'y versus axial strain, and ¢’y versus axial strain during loading and unloading for the tests

R1802 and R2S02, respectively. For the test R2801, in the first cycle of loading, the sample was
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consolidated to 2 maximum state of stress in which ¢'y=140.3 and ¢',=106.1 kPa. During this
stage, an axial strain of 0.15% was developed in the sample. After that, the sample was unloaded
to the first imposed stress (0'y;,;=30.6 and ¢';,=51.9 kPa). In the second cycle of louding, the
sample was consolidated to a maximum value of ¢'y=221 and ¢',;=180.1 kPa. Due to this second
cycle, the axial strain increases with ¢, and a total axial strain of 0.2% was measured. Then, the
soil sample was unloaded to a state of stress where 0'y,,=48.8 and ¢,;,=80.5 kPa. These values
are the imposed "in situ" stresses. The summary of the test results (R2501 and R2S02) is given
in Table 7.3 and plotted in Fig. 7.11. These resulis again demonstrate that the proposed technique
is capable of estimating K, of an overconsolidated soil irrespective of the previously imposed

stress history.
7.7 Conclusions

The main conclusions of this chapter may be summarized as follows:

(1) The test results of this study demonstrate that the proposed method can predict the imposed

in situ stresses exactly.

(2) The proposed method can be applied for both lightly overconsolidated soil (K, slightly

greater than unity) and heavily overconsolidated soil.

(3) The proposed technique is capable of estimating K, of an overconsolidated soil irrespective

of the previously imposed stress history.

118



Table 7.1. Artificially prepared sampies with simulated in situ stress state.

Simulated anisotropic

Evaluation by the proposed method

consolidation

Sample 'y C'hp K. Cio K.

number (kPa) (kPa) (kPa)
S01 125.6 150.8 1.20 149.1 1.19
S02 133.2 179.2 1.35 181.8 1.37
S03 84.2 137.8 1.64 1354 1.61
S04 20.3 516 2.54 50.2 2.47
S05 214 758 3.54 74.7 3.49

\

Table 7.2. Estimation of the imposed in situ stress state for artificially prepared samples
subjected to one cycle of loading.

Normally consolidated

K. unloading to simulate in

Proposed method

K, loading situ condition
sample Gy K. C'vp C'yp K, Oyp K,
number (kPa) - (kPa) (kPa) (kPa)
R1S01 133.1 0.69 21.2 36.1 1.70 374 1.76
R1S02 162.1 0.76 38.7 63.0 1.60 61.5 1.69
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CHAPTER 8

Conclusions and Recommendations

8.1 Conclusions
The conclusions drawn from this experimental research are:

(1) For a specific amplitude of applied stress, a CLRL was evaluated for both kaolinitic and
clayey crust soils. This CLRL was approximately 70% of the original undrained shear

strength for kaolinitic clay and 60% for clay crust.

(2) The development of the axial strain under repeated loading in most of the soils is quite
similar. Below the CLRL, cycling always causes a small change in ux_\iul strain before the
equilibrium conditions are reached. The magnitude of this strain depenzi on the cyclic
stress ratio used and the OCR of the material. Above the CLRL, the rate of development

of axial strain increases with cycling until failure is reached.

(3) The development of the pore pressure under repeated loading depend on the stress -

i

history of the soil:

" * For the kaolinitic clay, the behaviour of the change in pore pressure is similar to the
behaviour of change in axial strain. It was observed when cycling at CSR higher than
,fhe.CLRL, the soil shows a higher negative pore pressure at failure éompared to the

static test.
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* If cycling in the clay crust is at lower levels of CSR (below CLRL), more than 90%
of the total pore pressure that can develop in the soil sumple will develop in this stage.
The more cycles the sample is subjected to, the higher the developed pore pressure.
The stress path moves beyond the monotonic loading effective stress failure envelope.
Values of g/p' at failure for these sumples are not equal. Cycling only above the CLRL

produces the same pore pressure as the one measured in the static test. The identical
failure envelope for these sumples is bounded by monotonic loading effective stress

failure envelope. |

(4) The behaviour of kaolinitic clay under cycling (below CLRL) can be described by some
empirical equations which are a function only of the amplitude of the applied stress.
However, cycling only above the CLRL, the behaviour of this clay can be divided in three

stages:

* Primary stage: characterized by strain and pore pressure development at a decreasing
rate. .
* Secondary stage: characterized by strain and pore pressure development at a constant
rite.
* Tertiary stage: characterized by axial strain and pore pressure development at in

accelerating rate.

(5) Cumulative axial strain measured at equilibrium conditions were generally less than 3% for
, ‘
kaolinitic clay and 0.7% for clay crust. These strains are less than the strains obtained at
failure in the corresponding static tests.
(6) For the clay crust, the anisotropically consolidated samples are more resistant to cyclic

loading than the normally consolidated samples.

f
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{7) Since the two clays used in this investigation have the same plasticity index and were tested
under the same conditions, it is concluded that normally consolidated clays are more resistant

to cyclic loading than the overconsolidated clayey soils,

(8) Repeated loading belov. the CLRL causes an increase in the overconsolidation of the material,

This increase in overconsolidation is related to both axial strains and pore pressure developed

under cycling,

(9) For homogeneous soils such as the kaolinitic clay used in this investigation, the CLRL varies

linearly with the amplitude of applied stress. This is may not be true for non-homogencous

soils.

(10) The slow frequencies are more likely to cause higher strains than faster frequencies.

(11) Periodic fluctuation of the water table can induce a loss in strength of the soil,

(12) For the two clays tested, there is a decrease in undrained shear strength following repeated
loading, This decrease is strain-dependent and increases with the increase in axial strain
produced by cyclic loading.

(13) The method proposed by Garga and Khan (1991) for the estimation of K, can be used for

both overconsolidated clays and sands. The results show that the proposed method is capable

of estimating K, for an overconsolidated soil irrespective of the previously imposed stress

 history.
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8.2 Recommendations

It is well known that the development of the pore pressure under cycling has an important effect
on the behaviour of soils. The test data presented in this thesis demonstrates that the development
of the pore pressure under cycling depends on the swess history of the soil. Therefore, it is

interesting to study the undrained behaviour of soils, especially for heavily overconsolidated soil.
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