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ABSTRACT

The cyclic shear response of low-plastic Fraser River silt was investigated using constant-
volume direct simple shear testing. Silt specimens, initially consolidated to stress levels at or
above the preconsolidation stress, displayed cyclic mobility type strain development during
cyclic loading. Liquefaction in the form of strain softening accompanied by loss of shear

strength did not manifest regardless of the applied cyclic stress ratio (CSR), or the level of

induced excess pore water pressure (Au). Cyclic mobility type stress-strain behaviour was

observed in spite of the initial static shear stress bias. The potential for excess pore water
pressure generation and associated shear strain development during cyclic loading was
observed to increase with increasing level of initial static shear. Tests on specimens of
undisturbed field samples and specimens reconstituted using the same silt material showed that
undisturbed silt, despite having a looser density under identical consolidation stress conditions,
exhibited more dilative response and larger shear resistance compared to those displayed by
reconstituted specimens. In addition to consolidation stress conditions and resulting void ratios,
it appears that other naturally inherited parameters such as soil fabric and aging effects would

influence the shear response of natural silt.

Studies were also conducted to examine the post-cyclic reconsolidation response of low-plastic
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silt using specimens of undisturbed and reconstituted Fraser River silt and reconstituted quartz
powder initially subjected to constant volume cyclic loading at different CSR values and then

reconsolidated to their initial effective stresses. The volumetric strains during post-cyclic

reconsolidation (€,.ps) were noted to increase with the maximum Au and maximum cyclic shear

strain experienced during cyclic loading. The values of €,.,; and maximum excess cyclic pore

water pressure ratio (r,max) were observed to form a coherent relationship regardless of
overconsolidation effects, particle fabric, and initial void ratio of the soil. The specimens with
high rmax suffered significantly higher post-cyclic reconsolidation strains. The observed €,y
Versus Tymax relationship, when combined with the observed dependence of r, on CSR and

number of load cycles, seems to provide a reasonable approach to estimate post-cyclic

reconsolidation strains of low-plastic silt.
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1 INTRODUCTION

1.1 Background

Fine-grained silty soils with high levels of saturation are commonly found as natural deposits
and also originate as a man-made waste product in tailings derived from the processing of ore
in the mining industry. Evidence of ground failure in fine-grained soils during strong
earthquakes has suggested that certain saturated low plastic fine-grained soils can be as much
susceptible to earthquake-induced softening and strength reduction as relatively clean sands
(Boulanger et al. 1998; Boulanger and Idriss 2006; Bray and Sancio 2006). Although wide-
ranging studies have been undertaken to understand the performance of sands over the past 40
years, the available published information on the undrained shear response of fine-grained soils
with respect to cyclic loading is limited (Polito and Martin 2001; Bray and Sancio 2006; Sanin
and Wijewickreme 2006; Wijewickreme et al. 2005). In particular, there is a need for
understanding the response of low plastic silts in a more fundamental manner, and laboratory

testing plays an important role in this regard.

In addition to the shear deformations associated with loss of stiffness and/or strength in some
situations, another key mechanism of earthquake-induced deformations is the overall volume

changes in the soil mass that take place due to the dissipation of shear-induced excess pore



water pressures. These volume changes manifest in the field as post-liquefaction settlements,
and they may occur both during and after earthquake shaking. Recent evidence of ground
failure during strong earthquakes has indicated that certain saturated fine-grained soils can be
susceptible to earthquake-induced softening and strength reduction, in turn, leading to post-
cyclic settlements, foundation sliding, tilting, and collapsing of structures (Bray et al. 2004b;
Bray and Sancio 2006; Boulanger et al. 1998; Boulanger and Idriss 2006; Boulanger and Idriss

2007).

1.2  Response of soils to earthquake loading

The response of a given soil to cyclic loading is controlled by many parameters such as
packing density, microstructure, fabric, level/duration of cyclic loading, confining stress, initial
static bias, etc. These parameters have been noted to primarily govern the development of
excess pore water pressures, stiffness, and strength in a soil mass during earthquake shaking
and, in turn, controlling the overall seismic response. While cyclic shear tests are valuable in
assessing the performance of soils under seismic loading conditions, data from monotonic
shear tests have often provided insight into the fundamental soil behaviour and assisted

interpretation of the behavioural patterns observed in cyclic shear tests (Vaid and Chern 1985).

Due to the difficulties associated with field sampling, most of the laboratory research on sands
has been conducted using reconstituted soil specimens. The influence of specimen
reconstitution technique on laboratory observed soil behaviour, and the differences in the fabric
and mechanical response between undisturbed and reconstituted samples of sand and silty

sands have been widely studied (e.g., Oda 1972; Vaid et al. 1999). The effect of specimen



reconstitution on the performance of silty soils has also been studied and significant differences
in behaviour have been found between undisturbed and reconstituted specimens (e.g., Hoeg et

al. 2000; Long et al. 2001).

In general, it is fair to state that the mechanical behaviour of a given field soil condition is best
examined in the laboratory by element testing of good quality undisturbed soil specimens. The
possibility to obtain reasonably undisturbed samples of certain low-plastic silts has been
already demonstrated (e.g., Bray et al. 2004a, Sanin and Wijewickreme 2006); in spite of this,
due to increased costs and difficulties with such undisturbed field sampling, there is a tendency
to use reconstituted specimens for assessing the shear response of silts. Controlled laboratory
studies conducted with the purpose of advancing the understanding and knowledge of the
response of silts to earthquake loading are very few; the limited available studies have also
focused mainly on reconstituted specimens on silty sands (Thevanayagam et al. 2002; Polito
and Martin 2001). These studies cannot be directly extended to understand the behaviour of
natural silt deposits without a framework of comparison between undisturbed and reconstituted

specimens.

1.3 Objectives of the thesis

The main goal of this study is to develop a fundamental understanding of the shear response of
low plastic silts, and to generate data that contributes to the understanding of the response of
silts to earthquake induced loading. In this regard, the mechanical response of low plastic
Fraser River silt was investigated using the direct simple shear (DSS) device and in particular

included the following components:



e Undrained monotonic response of normally consolidated silt;

e cyclic shear loading response of normally consolidated silt;

e cffects of initial confining stress level on the monotonic and cyclic loading response;

e cffects of initial static shear bias on the monotonic and cyclic loading response;

e effects of particle structure in the context of mechanical behavioural pattern between

undisturbed and reconstituted specimens;

e consolidation response of silt due to dissipation of pore water pressures following

cyclic loading.

1.4  Scope of work

In recognition of the above, a detailed laboratory element testing research program
concentrated on the cyclic shear response of undisturbed samples of Fraser River Delta silt was
undertaken at the University of British Columbia. The testing was mainly focused on
obtaining results by the NGI type cyclic direct simple shear device (Bjerrum and Landva,
1966), which has been considered more effective than other devices in simulating effects of
earthquake loading. This research work is an in depth extension to the scope of research
undertaken during the masters studies completed by the author (Sanin 2005). In the present
study, the behaviour of low plastic Fraser River silt was investigated over a wide range of
confining stress levels and initial static shear. Moreover, a comparison of the behavioural

patterns of undisturbed and reconstituted specimens was undertaken to examine the effects of



particle structure. The post-cyclic volumetric consolidation response of this material following

cyclic loading was also investigated.

Chapter 2 of the thesis compiles the previous research on the topic and summarizes the
behaviour of sands, clays and silts to earthquake loading. The experimental procedures and
description of apparatus used in the present study are presented in Chapter 3 along with a
description of the test soil material, methods of soil sampling, and specimen preparation.
Chapter 4 presents the experimental results from the main testing program and discussion of
the relevant findings. In particular, laboratory findings on the following aspects of the
mechanical response of low plastic silt are presented and discussed: (i) monotonic loading
response, (i1) cyclic loading response (iii) effects of initial static shear, and (iv) effect of
plasticity (based on limited study of a number of materials). Chapter 5 presents the main
findings on the effects of particle structure studied in the context of mechanical behavioural
pattern between undisturbed and reconstituted specimens. The post-cyclic recompression of
Fraser River delta silt is presented on Chapter 6, and the summary and conclusion derived from

this investigation are presented in Chapter 7.



2 LITERATURE REVIEW

Understanding the response of soils to field loading conditions is fundamental to developing
meaningful constitutive models for numerical modeling and, in turn, for effective geotechnical
design of engineering structures. Laboratory testing plays an essential role in framing this
understanding as it allows characterization of basic element behaviour of soils. One of the
areas of major interest to the engineers has been the design of structures to withstand
earthquake loading. Geotechnical performance of foundations, soils, or structures made of
soils is considered of particular concern due to the potential for reduction of strength and
stiffness of soils when subjected to earthquake loading. Because of the widely observed
adverse effects, much of the research over the past 40 years has been on the performance of
sands. Through these efforts, a fundamental understanding of the behaviour of sand has been
developed, and a detailed approach for engineering design has been proposed (Youd et al.
2001). Evidence from recent earthquakes shows that low plastic fine-grained soils are
susceptible to earthquake induced softening and strength reduction (Boulanger and Idriss 2006;
Bray and Sancio 2006). However, in comparison to sands, the available published data of
undrained response of low-plastic, fine-grained soils are very limited (Bray and Sancio 2006,
Wijewickreme and Sanin 2006, Bray et al 2004). Bray and Sancio (2006) reported that the

consequences of liquefaction in fine-grained soils are different from those that occur in loose



saturated sands, as silts undergo a transient loss of shear strength (cyclic mobility) rather than a

permanent loss of shear strength.

This chapter is intended to present a review of literature of the main aspects of the cyclic
behaviour of sands, clays and silts as well as a discussion of the approaches that are currently

available for the assessment of cyclic shear performance of fine-grained soils.

2.1  General mechanical response of soils to cyclic shear loading

2.1.1 Response of sands

Drained and undrained static behaviour of sands has been studied by several researchers
(Casagrande, 1936a; Roscoe et al., 1963; Castro, 1969, Vaid and Chern, 1985; Vaid and
Thomas, 1995). Typical response of sand observed during drained monotonic loading in the
direct shear apparatus under constant effective confining stress is shown in Figure 2.1.
Volumetric response has been observed as contractive (compression) or dilative (expansion).
At large strains, the angle of friction at which the soil deforms at constant void ratio is called

the constant volume friction angle (¢.v).

2.1.1.1 Monotonic response

Typical undrained monotonic loading response of sand is presented in Figure 2.2. The

behaviour has been interpreted in three types of responses:

e Type 1 response is characterized by reaching a maximum shear strength followed by

continuous strain softening. This brittle response has been defined as liquefaction by



Castro (1969), Casagrande (1975), and Seed (1979) and as true liquefaction by Chern
(1985). This type of response is considered to result in flow failure under field

conditions.

Type 2 response shows maximum peak of shear strength followed by initial strain-
softening and immediate strain-hardening (dilation). This typical behaviour was named
as limited liquefaction by Castro (1969). After reaching the critical stress ratio, the soil
starts to strain soften followed by deformation at constant stress ratio and subsequent
dilative response. The deformation at constant stress ratio has been called quasi-steady-
state (QSS) by Ishihara et al. (1975). In terms of stress path (see Figure 2.2), the term
phase transformation (PT) is the point at which the soil changes its behaviour from
contractive to dilative (point of maximum excess pore water pressure). The mobilized
friction angle at PT, ¢pr, has been noted to be unique for a given sand (Ishihara, 1975;
Vaid and Chern, 1985; Kuerbis et al., 1988). It has been also found that the friction

angle at phase transformation (¢pr) is essentially the same as the constant volume

friction angle (¢.y) for a given sand (Chern, 1985; Negussey et al., 1988).

In Type 3 response, the soil exhibits increasing shear resistance with increasing
deformation with no strain-softening. The excess pore water pressure initially shows an
increase (contractive response), then followed by a decrease (dilative response) with

increasing strain.



Figure 2.1 Typical shear response of loose and dense sand observed during drained monotonic
loading in the direct shear apparatus (Modified from Schofield and Wroth, 1968).
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2.1.1.2 Cyclic response

Although cyclic loading can induce significant volumetric strains in unsaturated sands, most of
the research focus has been on the performance of saturated sands because of their noted
potential for generation of excess pore water pressures and associated strength and stiffness
degradation under cyclic loading. In this regard, undrained behaviour of saturated sands has
been understood via laboratory cyclic tests. As in the case of monotonic undrained loading,
three types of response have been identified (Castro, 1969, Vaid and Chern, 1985), and they
are schematically presented in Figure 2.3 through Figure 2.5. In the “liquefaction” type of
response, as per Figure 2.3, the soil experiences contractive deformation until reaching the

steady state.

The second type of response is called cyclic mobility with limited liquefaction (see Figure 2.4).
Herein, once the stress ratio has reached PT, the soil starts to behave in a dilative manner.
During the unloading part of the cycle, larger excess pore water pressures are developed
producing a state of zero effective stress. The loading cycles that follow cause a dilative
response leading to a strain-hardening tendency. In the third type of response (Figure 2.5),
with increasing number of load cycles, the shear strains increase gradually and there is gradual
build up of pore water pressure although there is no strain-softening. This type of response has
been called “cyclic mobility” by many researchers (Vaid and Chern 1985, Bray et al. 2004,
Boulanger and Idriss 2006). This terminology has been used to describe similar behavioural

patterns observed during testing undertaken herein.
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Figure 2.3 Typical “liquefaction” response during undrained cyclic loading. a) Stress-Strain
response. b) Stress Path. ¢) Shear strain development (after Vaid and Chern, 1985).
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Figure 2.4 Typical “limited liquefaction due to cyclic loading” type of response during
undrained cyclic loading. a) Stress-Strain response. b) Stress Path. c¢) Shear strain
development (after Vaid and Chern, 1985).
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Figure 2.5 Typical “cyclic mobility” type of response during undrained cyclic loading. a)
Stress-Strain response. b) Stress Path. ¢) Shear strain development (after Vaid and Chern,

Od

1985).
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Effects of static shear

Earthquake geotechnical problems generally involve level ground as well as sloping
configurations. For level ground conditions, “no static shear bias” is commonly used to
indicate the condition with no initial shear stresses on the horizontal plane prior to earthquake
loading (Seed and Peacock, 1971; Vaid and Finn, 1979). To simulate field conditions with
configuration of sloping ground, samples are consolidated with an applied static shear stress
prior to cyclic loading, and these tests are typically referred to as cyclic shear tests with “initial

static shear stress bias”.

Figure 2.6 schematically shows the field and laboratory models of the stress field conditions
with and without initial static shear bias. It has been found that the presence of initial static
shear stress has a profound influence on the cyclic resistance of sands although the findings
have not always been in agreement. While some researchers have found that the presence of
initial static shear increases the cyclic resistance to liquefaction (Lee and Seed, 1967; Seed et
al., 1975), others have observed that the increase in static shear stress would decrease the cyclic
resistance to liquefaction (Castro, 1969; Casagrande, 1975; Castro et al., 1982). Vaid and Finn
(1979), Vaid and Chern (1985), Seed and Harder (1990), Vaid et al. (2001) and
Sriskandakumar (2004) have found that the effect of static shear stress on the cyclic resistance
of sands is influenced by the initial density; thus, loose sands would experience reduction in the
cyclic resistance with the presence of static shear, while the cyclic resistance of dense (dilative)

sands would increase if applied initial static shear.

14



Figure 2.6 (a) Field and laboratory model cases and (b) stress
conditions for an element of soil.
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Cyclic resistance of sands has also been noted to be significantly affected by past liquefaction
or pre-shearing (Finn et al., 1970; Seed et al., 1977; Isihara and Okada, 1978; Suzuki and Toki,
1984; Vaid et al., 1989; Sriskandakumar, 2004). Finn et al. (1970) found that previously
liquefied samples exhibited significantly less cyclic shear resistance than virgin samples,
despite a significant increase in density following consolidation after the first liquefaction
stage. Similar results were found by Sriskandakumar (2004) based on tests conducted on loose
Fraser River Sand in the direct simple shear. Small pre-shearing improves the soil fabric and
increases the cyclic resistance of sand to liquefaction during a second cyclic loading phase,
while large pre-shearing weakens the soil fabric and decreases the cyclic resistance to

liquefaction in the following cyclic loading.

2.1.2 Response of clays

Cyclic shear response of clays has been widely studied (Zergoun and Vaid 1994, Vucetic and
Dobry 1991, Chu et al, 2008, Boulanger and Idriss 2006, 2007). Ground failures in deposits of
clays have been observed during earthquakes but are considered less common than in saturated
sands. Zergoun and Vaid (1994) investigated the cyclic response of natural Cloverdale clay
with slow (low frequency) undrained cyclic loading tests. Their tests have shown that a
threshold cyclic stress level separates the response of clay into two different patterns: at low
cyclic stress levels, shear strains and pore water pressure development tend to reach
equilibrium with continuing cyclic loading. At higher cyclic stress levels, strain development
undergoes three phases: the rate of strain development per cycle initially decreases followed by

constant rate per cycle; the final stage is characterized by strain development at increasing rate

16



per cycle. This final stage occurs at a constant effective stress ratio regardless of the cyclic

stress level.

The potential for cyclic loading to produce increasing strains in clays is shown in Figure 2.7
(Zergoun and Vaid 1994). Cyclic loading causes a progressive increase in excess pore water
pressure accompanied by increasing strains potentially leading to significant ground
deformation during an earthquake (Idriss and Boulanger 2008). This type of behaviour is
called “cyclic softening” to differentiate it from the term liquefaction used for the effect of
cyclic loading in saturated sands. The cyclic strength of clays has been generally expressed as
a relatively unique function of the soil’s undrained monotonic shear strength as shown in

Figure 2.8 for different fine-grained soils (modified from Idriss and Boulanger 2008).

Figure 2.7 Stress-strain and stress path response of Cloverdale clay during undrained cyclic
loading (Zergoun and Vaid 1994).
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Figure 2.8 Cyclic stress ratios required to cause failure or some strain criteria versus number
of uniform cycles at a frequency of 1 Hz in different clays. (Boulanger and Idriss 2008)
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Consequences of cyclic softening in clays depend on the soil sensitivity (defined as the ratio of
intact undrained shear strength to the remoulded undrained shear strength). Soft, normally
consolidated clays with generally large natural water contents will have higher sensitivity and
will be most prone to loss of strength during earthquake loading compared to those of stiff,

overconsolidated clays.

The undrained cyclic strength of clays can be expressed as a function of the soil’s undrained
monotonic shear strength as shown in Figure 2.8. Cyclic stress ratios in this plot are

represented by the ratio of cyclic shear (1, in direct simple shear and qcy/2 in triaxial shear) to
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the undrained shear strength under monotonic loading, s, In addition, the monotonic shear

strength of clays is a function of the consolidation stress history of the clay as follows

Sy

o S-OCR™ Equation 1

where S is the value of s,/o’y. for OCR=1, and m is the slope of the s,/c’\. vs. OCR
relationship on a log-log plot. The above relationships that define the mechanical behaviour of
clays are the basis for the evaluation of its cyclic shear strength (Idriss and Boulanger, 2008).
The loading of clay by a magnitude M=7.5 earthquake can be represented by an average of
about 30 uniform loading cycles at 65% of peak stress. In sands, this value has been computed
to be 15 cycles. Boulanger and Idriss also presented magnitude scaling factor and a static shear
correction factor, K, for clays. The approaches for estimating the cyclic resistance ratio (CRR)
in clays are the direct measurement of CRR in the laboratory, measuring the shear strength (s,)
in the field or in the laboratory or empirically estimating the CRR based on the stress history
profile and the estimated values for the normalized CSR. Details of the latter approach are

presented in Boulanger and Idriss (2008).

Andersen (2009) presented a variety of tests in diagrams where the number of cycles to failure
(defined as a strain criterion) is plotted as a function of average and cyclic shear stresses.
These diagrams also contain the failure mode (permanent and/or cyclic shear stains at failure).
Throughout this work, Andersen noted that there is tendency for the normalized shear strength
to increase with the plasticity index, similar to the findings by Guo and Prakash (1999) and

Ishihara et al. (1981).
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2.1.3 Response of silts

Cyclic shear response of silts has been recently studied by many authors (Sanin 2005,
Wijewickreme et al. 2005, Sanin and Wijewickreme 2006, Bray et al. 2004a, 2004b, Hyde et
al. 2006, Polito et al. 2008). In general, low-plastic silts subject to cyclic loading are
susceptible to cyclic mobility manifesting an increase in pore water pressure ratio accompanied
by loss in shear resistance and stiffness. Consequences are different from those in loose

saturated sands as silts do not undergo permanent loss of shear strength (Bray et al. 2004b).

Sanin (2005) noted that, under cyclic loading, normally consolidated specimens of channel-fill
Fraser River silt would exhibit progressive increase in equivalent excess pore water pressure
ratio (r,) with degradation of shear modulus in all tests conducted at different cyclic stress
ratios (CSR). This is essentially the “cyclic-mobility” type of response that has been observed
previously in dense sands. The specimens generally exhibited initially contractive response
followed by dilative response. Specimens tested under more severe CSR levels manifested
phase transformation at early stages of cyclic loading, and reached r, of approximately 100% in
a lesser number of cycles than those subjected to low CSR values. The cyclic resistance ratio
versus number of cycles to liquefaction relationship for the tested channel-fill silt is not
sensitive to the initial confining stress, for stress levels below 200 kPa (Sanin 2005, Sanin and

Wijewickreme 20006).

Effects of pre-shearing had also been studied by Sanin (2005). In this study, specimens of
Fraser River silt that were initially subjected to cyclic loading were re-consolidated and
subjected to a second cyclic loading phase. During the second cyclic loading phase following

re-consolidation, samples exhibited a rapid drop in effective stress (rise in pore water pressure)
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and performed softer than in the first cyclic loading phase as shown in Figure 2.9. Despite the
densification that had taken place during re-consolidation after first cyclic phase, the specimens
reached the liquefaction triggering (y =3.75%) in a fewer number of load cycles than those
required for the first phase. This work illustrates that the decrease in cyclic shear resistance
(CRR) due to degradation of particle fabric as a result of previous shearing has overshadowed
any gain in CRR that would have taken place due to reduction of void ratio during
consolidation. Observations by Andersen (2009) show an effect contrary to this observation by
Sanin (2005), where the cyclic shear strength of sands has been noted to increase after
preshearing. Destructuration of the soil particle structure due to large shear strains during

cyclic loading may be the cause of the discrepancy between these two findings.

Figure 2.9. Effects of preshearing: Cyclic resistance ratio versus number of cycles to reach
v=3.75% on first and second cyclic loading phases from constant volume DSS tests on Fraser

River silt (Sanin 2005).
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Hyde et al. (2006) investigated the effects of cyclic loading on reconstituted samples of low

plastic, silt-size, powdered limestone on cyclic triaxial testing. Their findings showed that for

21



isotropically consolidated samples, the initial phase transformation determined by monotonic
shear loading in extension tests was the boundary between stable and contractive behaviour.
For anisotropically consolidated samples this boundary was defined by monotonic compression
tests. Figure 2.10 shows the three schematic diagrams that explain the contractive and dilative

shear behaviour during undrained monotonic and cyclic loading.

Figure 2.10 Schematic diagram explaining contractive and dilative shear behaviour during
undrained monotonic and cyclic loading (Hyde et al. 2006)
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Hyde et al. (2007) also investigated the post cyclic recompression and post-cyclic behaviour of
silt with respect to the effect of initial anisotropic consolidation. Triaxial testing showed that
compressibility during post-cyclic recompression was similar for both isotropic and anisotropic
initial stress conditions. Second cyclic loading, following recompression showed that cyclic
strength increased with increasing anisotropy while isotropically consolidated specimens

resulted in a weaker soil structure, similar to the findings of Sanin (2005).

2.2  Earthquake-induced settlements

In addition to the shear deformations associated with loss of stiffness and/or strength in some
situations, another key mechanism of earthquake-induced deformations is the overall volume
change in the soil mass that takes place due to the dissipation of shear-induced excess pore
water pressures. These volume changes manifest in the field as post-liquefaction settlements,
and they may occur both during and after earthquake shaking. The adverse impacts of these
settlements on the performance of structural foundations and linear lifelines (such as buried
pipelines, bridges) have been well documented (Bray et al. 2004; Bray and Sancio 2006;

Boulanger and Idriss 2006, 2007).

Studies conducted to evaluate volume change after cyclic loading have shown that, in general,
the key factors that control post-cyclic settlements in sands are the cyclic excess pore water
pressures and cyclic shear strains (Tokimatsu and Seed, 1987). Due to the direct connection
with excess pore water pressure development, the potential for volumetric strains has been
often linked with the field density. Several simplified methods have been proposed to estimate

probable settlements of sands with the knowledge of the field penetration resistance (i.e.,
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standard penetration resistance (SPT) N-value or cone penetration testing (CPT) resistance)
and the cyclic stress ratio (CSR) applied by the design earthquake (Lee and Albaisa, 1974;

Tokimatsu and Seed, 1987; Ishihara and Yoshimine, 1992; Wu 2002; and Zhang et al. 2002).

Unlike the wide range of data available on the response of sands, there is only very limited
available information on the post-liquefaction settlements of fine-grained soils. Yasuhara et al.
(2001) proposed a method to estimate settlements based on the cyclic excess pore water
pressure, plasticity index, and bearing capacity factor of safety. Sanin and Wijewickreme
(2006) noted that silt specimens that experienced high equivalent excess cyclic pore water
pressure ratios seemed to experience considerable volumetric strains during post-cyclic

reconsolidation, suggesting the need to further study this topic.

Limited consolidation tests conducted at UBC by Sanin (2005) on specimens initially subjected
to constant volume cyclic loading indicate that post-cyclic volumetric strains (&y.ps) increase
with the maximum pore water pressure generated during cyclic loading as well as with the
maximum cyclic shear strain to which the specimens were subjected during cyclic loading
(Sanin and Wijewickreme, 2006). The values of &, arising from the specimens of Fraser
River silt correlated well with the maximum excess pore water pressure ratio (Ty-max)-
Additional research testing work along with data from past earthquake performance, is needed

to confirm the validity of the above observations.
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2.3  Closure

Fine-grained silty soils with high levels of saturation are commonly found in natural river
deposits and also originate as a man-made waste product in tailings derived from the
processing of ore in the mining industry. Recent evidence of ground failure during strong
earthquakes has indicated that certain saturated fine-grained soils can be susceptible to
earthquake-induced softening and strength reduction, in turn, leading to post-cyclic

settlements, foundation sliding, tilting and collapsing of structures.

Although there are major advances in the understanding of the shear loading response of sands,
our understanding of the mechanical response of silts is still very limited. For example, despite
increasing interest in this topic, still there are no standard procedures to assess the potential for
cyclic softening/ liquefaction. Clearly, there is a strong need to investigate the behaviour of

fine-grained soils and laboratory element testing has a key role to play in this regard.

In recognition of the above, it was decided to undertake a detailed laboratory research program
on the cyclic shear response of undisturbed samples of Fraser River Delta silt, thus forming the
basis for the doctoral research presented herein. In this research, the behaviour of low plastic
Fraser River silt was investigated over a wide range of confining stress levels and initial static
shear stress levels. A comparison of the behavioural patterns of undisturbed and reconstituted
specimens of low plastic silt to examine the effects of particle structure was included as a part
of this work. The post-cyclic volumetric consolidation response of this material following

cyclic loading was also investigated.

The scope of this research work and the organization of the thesis are presented in Section 1.4

of Chapter 1.
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3 MATERIAL TESTED AND EXPERIMENTAL ASPECTS

3.1 Material tested

The mechanical response of soils is dependent on a multitude of factors including particle
fabric, microstructure, density, and age. As pointed out by Leroueil and Hight (2003), testing
of undisturbed samples of soils is critically important in representing soil conditions in-situ,
and, in turn, in understanding the field response of natural soils. Significant differences in the
response of soils have been observed between undisturbed and reconstituted samples of sands
(Vaid et al. 1999) and silt and sandy silt (Heoeg et al., 2000). These differences are mainly

attributed to the differences in fabric between the undisturbed and reconstituted specimens.

A channel-fill silt obtained from the Fraser River Delta of British Columbia, Canada, was
selected for the investigation of the cyclic response of silts. The choice of silt from this area is
considered relevant since it is located in one of the most seismically active regions in Canada
(NBCC, 1995) and the area is experiencing rapid urban and industrial growth. The general
ground surface elevation in the area is below the high-tide level; as such, the area is now
protected by dikes. In addition, deltaic silts are compressible and susceptible to settlements

under building loads (Crawford and Morrison, 1996).
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Deposits of the delta are Holocene in age and have a maximum known thickness of 305 m
(Clague et al., 1996). The deltaic deposits can be subdivided into topset, foreset and bottomset
units (Monahan et al., 1997), and the upper part of the topset comprises flood-plain silts and

peat (Monahan et al., 2000).

The subject site for the present testing program is located immediately north of the South Arm
of the Fraser River, on the river dyke at the southern foot of No. 3 Road in Richmond, B.C. A
channel-fill silt deposit is overlain by about 3.5 m thickness of dyke-fill materials at the site.
Available data from in-situ cone penetration testing, CPT (see Figure 3.1), suggested that the
upper part of this channel fill silt between depths of 5.6 m and 9.3 m below the ground surface
is relatively uniform, and, therefore, this deposit was considered suitable as the source of test

material for the present study.

A fixed-piston tube sampling conducted in a conventional mud-rotary drill hole was used to
obtain a number of undisturbed samples from the silt deposit (from the same horizon identified
above). A specially fabricated ~75-mm diameter, 0.9-m long tubes (with no inside clearance, a
5-degree cutting edge, and 1.5 mm wall thickness) were used for this purpose. As noted by
Leroueil and Hight (2003), piston sampling using thin, sharp-edged tubes offers a suitable and
acceptable means of obtaining relatively undisturbed samples of fine-grained soils. Figure 3.2
show the gradation curves for several samples obtained from the silt deposit. As may be noted,
the generally homogeneous samples have an average clay content of 10% and sand content of
13%. Parameters obtained from index tests are presented in Table 3.1. These observations
also confirm the uniformity of the deposit previously noted based on field cone penetration test

data.
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Figure 3.1 Cone penetration test profile of the site at No. 3 Road in Richmond BC. — Depth horizon of the channel fill Fraser River silt
used in the present study identified.
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Figure 3.2 Grain size analysis of different samples of Fraser River silt.
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Table 3.1. Index parameters of Fraser River delta silt

Soil Property Values
Depth range below ground 5.60to 8.7 m
surface

Water content, W, (%) 34.8 t0 39.6
Liquid limit, LL (%) 30.4* (0.41)°
Plastic limit, PL (%) 26.3% (0.90)°
Plasticity Index, PI 4.1%(—1.3)°
Unified soil classification ML

Specific gravity, G 2.69
Estimated range of effective 80 — 85 kPa
overburden stress in situ

*CPT cone penetration 1.2 - 1.8 MPa

resistance, gy

* CPT friction sleeve resistance,
f

*Field vane shear strength, S,
Preconsolidation stress **

0.006 — 0.012MPa

40 kPa

85 -95 kPa

Note: a= Average value; b= Standard deviation; * = Based on past (unpublished) in situ
testing data available from others; ** Data from Sanin (2005)
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3.2 Specimen reconstitution method

Most of the specimens tested were performed on undisturbed samples of Fraser River silt. A
limited number of tests were also performed on reconstituted specimens to compare the results.
The reconstituted specimens were formed from a saturated slurry as follows. The material was
mixed with de-aired water and left under vacuum for about 24 hours. The samples, while
under vacuum were stirred occasionally to minimize entrapped air bubbles and with the
objective of obtaining a saturated homogeneous slurry. Each sample was then transferred to a
500-mm beaker, where it was left to consolidate under its own weight for about 24 hours. The
clear water accumulated at the top was removed and the remaining material was carefully
stirred. Moisture content was measured at this time and the slurry was spooned to the DSS
mould. The DSS test specimens were secured with o-rings and loaded to the desired vertical

effective stress in an incremental manner to avoid any loss of material due to squeezing.

The slurry deposition method does not allow varying the density of the specimen to match that
of the undisturbed specimens. Other methods, as the modified moist tamping technique, have
been developed to change and target specific densities within the reconstituted specimen
(Bradshaw and Baxter 2007). The slurry deposition method for sample reconstitution as
described above, was selected for the present study since it is considered to better mimic the in-

situ natural deposition of the silt in a river environment.
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3.3  Direct simple shear apparatus

Cyclic triaxial (CTX) and cyclic direct simple shear (CDSS) tests have been used by many
researchers for the study of cyclic shear response of soils. While the CTX has been widely
used because of its simplicity and common availability, the CDSS loading is considered to
effectively mimic the anticipated stress conditions under seismic loading (Finn et al., 1978).
This can be more readily explained with respect to Figure 3.3 where the differences between
the CTX and CDSS loading modes are presented. In addition, the DSS apparatus allows for
constant volume tests, which avoids the errors associated with compliance and make the testing
procedure simpler and eliminates the saturation requirements (Finn and Vaid, 1977; Finn et al.,
1978). Considering the above, the cyclic direct simple shear apparatus at the University of
British Columbia (UBC) was selected for the characterization of the cyclic loading response of

Fraser River Delta silt.

The UBC simple shear apparatus is of the NGI type (Bjerrum and Landva, 1966). A schematic
diagram of the apparatus is given in Figure 3.4. The cylindrical soil specimen, 70 mm in
nominal diameter and approximately 20 mm height, is placed in a reinforced rubber membrane.
The reinforced rubber membrane would constrain the specimen from deforming laterally; as
such, the soil specimen would be in a state of zero lateral strain during consolidation and cyclic
loading, which is considered to simulate the anticipated field stress conditions. Simple shear
tests can be performed in undrained or constant volume condition. The latter constant volume
DSS test is an alternative to the former where all drainage in a saturated sample would be
suspended. In a constant volume test, the specimen diameter is constrained by the reinforced

membrane, and any vertical deformation is restricted by clamping the top and bottom loading
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caps against vertical movement. It has been shown that the decrease (or increase) of vertical
stress in a constant volume DSS test is essentially equivalent to the increase (or decrease) of
excess pore water pressures in an undrained test (Finn et al., 1978; Dyvik et al., 1987) where
the near constant volume condition is sustained by keeping the mass of water unchanged. As
such, the direct measurement of the change in vertical stress in a constant volume DSS test
corresponds to the equivalent excess pore water pressure change. Throughout the thesis the
term “pore water pressure” is used when reference is made to the “equivalent pore water

pressure”.

3.3.1 DSS loading system

The UBC-DSS apparatus consists of horizontal and vertical loading systems as shown in
Figure 3.4. The vertical loading system, located at the bottom of the apparatus, consists of a
simple single-acting air piston controlled manually by an external pressure regulator.
Horizontal load is applied by a double-acting frictionless air piston coupled in series with a
constant speed motor drive. This horizontal loading system allows a smooth transition from

stress-controlled to strain-controlled loading and vice versa, as required.
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Figure 3.3 Comparison of stress conditions in (a) Simple Shear testing — DSS and (b) Triaxial
testing — CTX.
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Figure 3.4 Schematic diagram of UBC simple shear test device (Modified from
Sriskandakumar, 2004)
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Stress-controlled cyclic loading is applied by changing the pressure on one side of the double
acting piston with an electro-pneumatic regulator and maintaining the pressure on the other
side constant. The electro-pneumatic regulator enables applying any prescribed form of cyclic
loading by the coupling with a data acquisition system and computer. A sinusoidal wave form
is generally chosen for the cyclic loading, and the magnitude and duration of the wave can be

changed during the test if required.

In strain-controlled monotonic or cyclic loading, since the loading arm is coupled to a constant

speed motor, the direction and speed can be changed manually as required.
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3.3.2 Data acquisition, control system and measurement resolution

The UBC DSS apparatus is equipped with a high speed data acquisition and control system. A
12-bit “PCL718” high speed data acquisition card is used for signal input and output. This

card consists of five A/D input channels and a D/A output channel.

Two load cells and three linear variable displacement transducers (LVDTs) are monitored by
the input channels. One of the load cells is dedicated to measure the vertical load, and the
second one is for the horizontal load. One LVDT measures the vertical displacement and the
other two are assigned to monitor the horizontal displacements. The use of two LVDTs allows
measuring both small and large displacements. All transducers are excited with a 5V d.c
voltage supply. Input signals from load cells are amplified by a factor of 1000. The
measurements are further refined by averaging 60 readings for each data channel. The high

speed data acquisition system is able to gather about 500 sets of data per second.

The D/A channel is used to control the electro-pneumatic transducer that regulates the air
pressure to one of the chambers of the horizontal loading double acting air piston. The electro-
pneumatic transducer is “SMC IT2051-N33” type, and it is capable of delivering 90 kPa full
scale pressure output for a 1000 kPa input pressure. A high resolution of measurements is
obtained by the above carefully selected measurement devices (transducers) and a sophisticated
data acquisition system. Shaft friction on the horizontal loading ram, stiffness of reinforced
membrane, and spring forces arising from the LVDTs are also accounted for in the data

reduction program.
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Table 3.2 presents the resolution of each measurement for a typical 70 mm diameter and 20

mm height sample.

Table 3.2 Measurement resolution of UBC-DSS device

Measurement Resolution
Vertical/Normal stress +0.25 kPa
Horizontal/Shear stress +0.25 kPa
Small range (<13%) +0.01 %
Horizontal/Shear strain
Large range (>13%) +0.05 %
Vertical strain +0.01 %

3.3.3 DSS Test procedure

3.3.3.1 Specimen extrusion and setup

The DSS test device was set up in advance to prepare for receiving the silt specimen upon
completion of extrusion and trimming. A saturated porous stone was initially placed in the
bottom pedestal of the DSS device. The reinforced rubber membrane was placed in position
and the bottom of the membrane was sealed with the bottom pedestal using an o-ring. The split
mould was then kept in position and vacuum was subsequently applied to stretch the membrane

and create a cavity in the DSS device to receive the specimen.

Specimens for DSS testing were carefully extruded from the tube samples retrieved from the
field (as per Section 3.1). For a given specimen, silt material of approximately 40 mm in
thickness was extruded from the sampling tube. A stainless steel ring with a sharp cutting-edge
and essentially having a diameter slightly smaller than the tube sample was gently pushed into

the extruded specimen. The sharp edge of the stainless steel ring, while “trimming” the
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specimen to a 70-mm diameter, allowed securing silt material against disturbance during the
next steps in sample setup. The specimen secured as per above, was then trimmed at the top
and bottom using a wire saw to obtain a specimen height of approximately 20 mm. Trimmings

obtained from the top, bottom and sides were collected for water content measurements.

Upon completion of the above process, the stainless steel ring that contains the specimen was
placed over the cavity of the DSS device and then set into the cavity by applying a slight
uniform pressure with a plastic plunger. Once the sample was in position in the DSS device,
the top cap was placed and a pressure of ~10kPa was applied using the vertical loading system.
The rubber membrane was sealed with the top cap using an o-ring. Figure 3.5 illustrates the

steps for sample preparation and set-up in the DSS.

All the transducers were properly positioned and initial outputs were set to zero values prior to
commencement of testing. The split mould was removed while all transducer readings were

monitored to assess that no undesirable movements or loads were imparted during this process.

3.3.3.2 Consolidation phase

After completion of specimen setup, the vertical confining stress was increased to the target
value corresponding to the test to be performed. The change in height of the specimen
(proportional to the volume change) with respect to the elapsed time was recorded using the
data acquisition system. The samples were kept at the stress condition for about 3 hours or
10,000 seconds. This time duration was adequate to obtain essentially unchanging vertical
deformation of the specimen (i.e., adequate time allowed for completion of primary

consolidation of Fraser River silt specimen).
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Figure 3.5. Sample preparation and set up in DSS equipment.

1. Split mould and reinforced rubber 2. Specimen in stainless steel ring and being
membrane positioned in bottom pedestal prior trimmed for set up in DSS
to sample set-up

3. Specimen placed in mould 4. Specimen in DSS secured with O-rings
(mould removed) prior to testing
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3.3.3.3 Static shear bias application phase

After consolidation, for those tests requiring initial static shear bias, the desired shear stress
was applied slowly in 5 kPa increments and under drained conditions until vertical and shear

strains were stable.

3.3.3.4 Shear loading phase

After completion of the consolidation phase, the specimen was constrained against vertical
strains by clamping the vertical loading ram (see Figure 3.4). This ensured constant volume
conditions during cyclic loading. The horizontal shear loading was applied either using a
double acting piston or a constant speed motor depending on whether the test was stress-
controlled or strain-controlled, respectively. For cyclic stress-controlled tests, the shear load
was applied in the form of a sinusoidal wave with a frequency of 0.1 Hz at the desired
amplitude. This frequency is less than most of the frequencies encountered in typical
earthquake loading. However, it allows a better control of loading as well as data acquisition.
Zergoun and Vaid (1994) noted that the behaviour of clay in undrained cyclic triaxial shear
loading cannot be confidently interpreted in fast loading tests because of unreliable measured
pore water pressures (due to inadequate time for pore water pressure equalization in fast tests).
In the DSS tests performed for this study, the constant volume condition is achieved by
controlling the external boundaries, and pore water does not participate in volume control.
Hence, there is no need for measurement of pore water pressure as the vertical effective stress
on the sample at any given time is directly obtained from the measured load at the vertical
stress boundary. With this consideration together with the need to obtain accurate control of

applied stresses, the chosen loading frequency of 0.1 Hz is considered suitable, and this
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approach has been in use for constant volume cyclic DSS testing of silty and sandy soils at

UBC over the last 20 years.

In monotonic strain-controlled loading, the tests were performed at a rate of 10% strain per
hour. In cyclic tests, loading was conducted until a shear strain of approximately 15% was
reached. Monotonic shear tests were terminated after reaching shear strains of approximately

20%.

3.3.3.5 Post-cyclic reconsolidation

After completion of the constant volume cyclic loading stage as per above, specimens were re-
consolidated to the initial confining stresses to assess potential post-cyclic volumetric
deformations. Since the specimens generally had a residual shear strain at the end of cyclic
loading, the specimen top cap position was manually reset to reach an approximate shear strain

of zero prior to reconsolidation.

3.4 Testprogram

A systematic testing program was undertaken with the main objective of characterizing the
fundamental mechanical response of Fraser River Delta silt at the location shown in Figure 3.1,
mainly on undisturbed samples. The material was tested varying different parameters to

investigate the following:

¢ undrained monotonic response of normally consolidated Fraser River delta silt in direct

simple shear;
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e cyclic shear loading response of normally consolidated silt in the direct simple shear;

o effects of initial confining stress level in monotonic and cyclic loading;

o effects of initial static shear bias in monotonic and cyclic loading;

e cffects of particle structure and comparison between undisturbed and reconstituted

specimens;

post-cyclic reconsolidation response of Fraser River Delta silt.

Table 3.3 presents a summary of the proposed test program describing each of the test series

and the parameters investigated.
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Table 3.3 Test program

Nominal CSR =1,,/c’,. | Static Bias, No.
! = ! f
Test Series Material / Tests Cve ® = To/0've tec')sts
(kPa)
I a Natural Fraser River 100-500 MONOTONIC 5
silt (NC): Effects of
b initial effective
confining stress, 85,100,200, 0.0
post-cyclic 300,400 0.10-0.30 21
consolidation
response
c Natural Fraser River
silt (OC): Effects of
OCR, post-cyclic 100 0.10-0.30 0.0 12
consolidation
response
Il a MONOTONIC 0.05-0.15 3
b Natural Fraser River
silt: Effects of initial 100 0.05-0.15
static bias. 0.10-0.30 ' ' 15
1 a Fraser River silt — 100 - 400 MONOTONIC 4
Reconstituted: 0.00
b effects of particle 100 0.10 — 0.20 ) 5
structure. ' '
v a Quartz rock powder : 0.08 -0.15
post-cyclic
consolidation 100 0.12 4
response
b Natural Kitimat clay: 0.00
Effect of particle 80 0.16 — 0.25 3
structure, effect of
plasticity
c Reconstituted
Kitimat clay: Effect 80 0.16 —0.25 0.00 3
of particle structure
Total No. of tests 75
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4 CYCLIC SHEAR RESPONSE OF FRASER RIVER DELTASILT

This chapter presents a detailed examination of the results obtained from the testing work
undertaken with the primary motivation of characterizing the cyclic shear response of natural
low plastic Fraser River Delta silt and of developing a database for use by the engineering
profession.  In particular, experimental findings on the effects of confining stress,
overconsolidation, initial static shear stress bias, and level and duration of loading on the
characteristic cyclic direct simple shear response of specimens prepared from the undisturbed

tube samples of the silt are presented.

The presentation also includes observations made from limited experimental work to study the
behavioural characteristics derived from monotonic shear loading of the natural silt material.
Although these tests formed only a minor component of this research in terms of number of
investigative tests, the monotonic loading results have been presented to provide some basic
reference parameters and behavioural information for comparison with the results from the
cyclic loading tests mentioned above and those from tests conducted on reconstituted
specimens of Fraser River silt (described in Chapter 5). Data from monotonic shear tests are
initially presented then followed by data derived from cyclic tests. Table 4.1 summarizes the

tests parameters and key results.
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Table 4.1 Test parameters and summary results

Test O'vc Cyclic tests PCC*
series TestID (Wi)ave © OCR (kPa) G o= To/OJvc Tcylo’vc | N(v=3.75%) | Ymax (%) | lu-max Ev-pc (%)

FRN-100-M 40.9% | 1.096 1.0 101.9 1.018 N/A

FRN-200-M 39.7% | 1.068 1.0 199.6 0.949 N/A

la FRN-300-M 40.8% | 1.097 1.0 296.4 0.885 0.00 MONOTONIC N/A
FRN-400-M 37.9% | 1.019 1.0 401.7 0.851 N/A

FRN-500-M 37.3% | 1.004 1.0 501.3 0.843 N/A

FRS85-010 38.5% | 1.076 1.0 86.9 0.939 0.10 N/A 1.04 0.53 0.52

FRS85-015 37.8% | 1.017 1.0 84.9 0.945 0.00 0.15 65 15.03 0.98 4.06

FRS85-025 38.2% | 1.027 1.0 85.0 0.985 ' 0.24 2 15.19 0.94 3.37

FRS85-029 39.1% | 1.052 1.0 87.2 0.981 0.29 1 18.98 0.91 3.63
FRS100-010 36.9% | 0.991 1.0 92.4 0.921 0.10 N/A 0.31 0.59 0.54
FRS100-014 38.7% | 1.042 1.0 101.2 0.969 0.14 143 5.06 0.95 3.28
FRS100-017 36.8% | 0.990 1.0 101.3 0.892 0.17 8 21.45 0.92 2.43
FRS100-020 36.2% | 0.974 1.0 97.2 0.884 0.00 0.20 4 15.52 0.91 4.13
FRS100-029 38.7% | 1.041 1.0 101.1 0.990 0.29 1 7.75 1.00 3.47
FRN100-016 38.3% | 1.029 1.0 99.0 0.942 0.15 26 3.82 0.91 1.83

Ib FRSV100-01 37.5% | 1.001 1.0 100.7 0.953 0.15 N/A 1.16 0.69 0.90
FRS200-015 38.9% | 1.047 1.0 199.3 0.900 0.15 13 15.40 0.91 1.67
FRS200-020 36.8% | 0.989 1.0 199.8 0.855 0.00 0.20 3 18.49 0.94 4.46
FRS200-011 37.0% | 0.997 1.0 198.6 0.882 0.11 164 15.42 0.97 5.1
FRN300-017 40.1% | 1.078 1.0 303.1 0.890 0.17 7 19.28 0.94 N/A
FRN300-012 40.3% | 1.083 1.0 299.0 0.895 0.00 0.12 47 11.74 0.93 N/A
FRN300-020 41.7% | 1.121 1.0 2994 0.932 ' 0.19 1 18.17 0.91 N/A
FRN300-015 40.1% | 1.078 1.0 300.2 0.882 0.15 10 11.84 0.93 N/A
FRN400-012 38.3% | 1.031 1.0 398.5 0.854 0.12 32 10.98 0.96 N/A
FRN400-017 37.9% | 1.020 1.0 399.8 0.818 0.00 0.17 11 20.44 0.94 N/A
FRN400-019 41.2% | 1.109 1.0 399.0 0.890 0.19 2 12.45 0.84 N/A

*PCC: Post cyclic consolidation test data
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Table 4.1 Test parameters and summary results

Test O'vc Cyclic tests PCC*
series TestID (Wikave © OCR (kPa) G 0L = To/O've Tcylo"vc Ny=3.75%) | Ymax (%) lu-max Ev-pc (%)
FROC1.3-021 38.6% | 0.983 1.3 95.5 0.912 0.21 6 15.86 0.90 3.66
FROC1.5-021 37.5% | 1.001 1.5 98.0 0.900 0.21 18 15.06 0.92 2.58
FROC2.1-021 35.4% | 0.945 21 106.0 0.863 0.21 0.89 0.55 0.21
FROC1.9-020 38.9% | 1.046 1.9 104.5 0.908 0.20 136 15.47 0.96 3.67
FROC1.4-021 34.8% | 0.936 1.4 109.4 0.853 0.21 14 15.15 0.96 4.10
Ic FROC1.7-021 37.4% | 1.006 1.7 104.5 0.894 0.00 0.21 37 18.23 0.98 3.17
FROC1.2-030 38.5% | 1.036 1.2 106.5 0.936 ’ 0.30 1 15.09 0.86 3.33
FROC1.4-030 36.4% | 0.980 1.4 105.5 0.894 0.30 2 15.40 0.90 3.21
FROC1.9-031 36.6% | 0.985 1.9 104.9 0.846 0.31 7 16.49 0.89 3.51
FROC1.6-030 38.4% | 1.032 1.6 111.0 0.929 0.30 3 15.08 0.89 3.60
FROC1.2-015 37.8% | 1.016 1.2 104.1 0.919 0.15 78 15.61 0.98 2.93
FROC1.5-015 39.6% | 1.065 1.5 98.7 0.970 0.15 180 3.81 0.83 1.33
FRN100-5-M 39.0% | 1.050 1.0 100.0 0.956 0.05 N/A
lla FRN100-10-M 38.5% | 1.036 1.0 101.1 0.955 0.10 MONOTONIC N/A
FRN100-15-M 40.6% | 1.091 1.0 101.7 1.009 0.15 N/A
FRN100-5-12 36.3% | 0.976 1.0 102.2 0.907 0.12 42 3.98 0.92 N/A
FRN100-5-15 36.5% | 0.981 1.0 101.2 0.876 0.05 0.15 25 3.82 0.86 N/A
FRN100-5-20 38.9% | 1.047 1.0 102.4 0.988 ’ 0.19 3 5.18 0.86 N/A
FRN100-5-21 38.5% | 1.036 1.0 101.3 9.770 0.21 1 10.77 0.91 N/A
FRN100-10-08 35.4% | 0.951 1.0 100.5 0.895 0.09 N/A 0.84 0.45 N/A
FRN100-10-12 39.6% | 1.066 1.0 100.4 0.990 0.13 9 5.09 0.77 N/A
FRN100-10-13 39.1% | 1.053 1.0 102.3 0.985 0.10 0.12 10 10.24 0.92 N/A
lIb FRN100-10-18 38.2% | 1.027 1.0 101.0 0.969 ’ 0.17 5 10.42 0.97 N/A
FRN100-10-20 41.0% | 1.103 1.0 99.7 1.011 0.19 1 8.31 0.82 N/A
FRN100-10-22 36.4% | 0.979 1.0 104.8 0.908 0.20 0 10.75 0.93 N/A
FRN100-15-12 37.0% | 0.995 1.0 100.8 0.910 0.12 8 5.11 0.65 N/A
FRN100-15-15 38.8% | 1.045 1.0 103.6 0.973 0.15 3 4.18 0.68 N/A
FRN100-15-20 37.1% | 0.999 1.0 102.9 0.929 0.15 0.19 0 6.50 0.79 N/A
FRN100-15-16 39.7% | 1.067 1.0 101.9 0.986 0.16 1 11.37 0.88 N/A
FRN100-15-10 36.2% | 0.973 1.0 101.7 0.909 0.11 32 9.35 0.80 N/A
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Table 4.1 Test parameters and summary results

Test O'vc Cyclic tests PCC*
series TestID (Wi)ave © OCR (kPa) G 0 = To/0'vc Tcylo’vc | N(v=3.75%) | Ymax (%) | lu-max Ev-pc (%)

FRR-100-M 47.4% | 1.275 1.0 104.6 0.842 N/A

FRR-200-M 51.2% | 1.377 1.0 199.0 0.809 N/A

llla FRR-100-M 44.9% | 1.208 1.0 300.6 0.761 0.00 MONOTONIC N/A
FRR-200-M 65.6% | 1.765 1.0 398.5 0.741 N/A

FRR100-015 50.9% | 1.492 1.0 97.3 0.853 0.14 3 8.37 0.79 3.26

FRR100-010 51.9% | 1.470 1.0 103.4 0.866 0.10 29 5.87 0.92 2.80

b FRR100-0125 48.9% | 1.251 1.0 96.8 0.852 0.00 0.12 9 7.99 0.94 3.04
FRR100-0125-7day | 51.5% | 1.375 1.0 101.3 0.845 0.12 18 7.91 0.86 2.76
FRR100-0125-24hr | 56.0% | 1.505 1.0 101.0 0.843 0.12 14 10.76 0.93 3.75
QRP100-009 1.022 1.0 97.9 0.787 0.10 21 4.70 0.90 N/A
QRP100-013 1.084 1.0 103.7 0.789 0.00 0.12 17 5.16 0.91 N/A
QRP100-015 1.245 1.0 99.8 0.788 0.14 6 4.41 0.87 N/A

IVa QRPV100-1 1.141 1.0 95.9 0.790 0.12 17 4.68 0.95 2.22
QRPV100-2 1.345 1.0 96.8 0.799 0.00 0.12 8 2.13 0.83 1.14

QRPV100-3 1.345 1.0 99.7 0.787 ’ 0.12 6 0.41 0.53 0.49

QRPV100-6 1.345 1.0 98.8 0.788 0.12 8 0.63 0.66 0.85

KIN080-003 37.5% | 1.013 1.0 80.0 0.958 0.24 10 4.70 0.90 N/A

IVb KIN080-001 36.1% | 0.974 1.0 80.0 0.896 0.00 0.26 3 4.52 0.75 N/A
KIN080-002 35.8% | 0.967 1.0 81.0 0.888 0.17 90 3.85 0.81 N/A

KCR080-025 31.0% | 0.837 1.0 82.4 0.793 0.24 2 5.84 0.74 N/A

IVc KCR080-020 31.0% | 0.837 1.0 80.6 0.795 0.00 0.19 8 5.85 0.74 N/A
KCR080-017 31.6% | 0.852 1.0 80.5 0.795 0.16 23 3.89 0.73 N/A
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4.1  Monotonic shear loading response

Constant volume monotonic direct simple shear tests were performed on undisturbed
specimens of Fraser River silt as described in Chapter 3 of this Thesis. Herein, the
investigation was mainly focused on testing specimens initially consolidated to: (i) different
vertical consolidation stress levels to study the influence of initial effective confining stress;

and (i1) different initial static shear loading (static bias) levels.

4.1.1 Effect of initial effective confining stress

The tests conducted on specimens initially consolidated to different effective vertical confining
stress (6'y¢) levels, between 100 to 500 kPa, are examined herein; in Test Series Ia (Table 3.3),
all the tests were conducted with no initial static shear bias. Based on data from one-
dimensional oedometer testing conducted as an initial part of the overall testing program, the
preconsolidation pressure (yield stress) of the natural silt was estimated to be between 85 kPa
and 95 kPa (Sanin 2005). Therefore, it is reasonable to state that consolidation of DSS
specimens to ¢’y levels above 100 kPa represents a condition where all the shear tests in

Series la commenced from a normally consolidated stress state.

Typical stress-strain and the stress-path response obtained from the constant-volume
monotonic tests conducted on specimens consolidated to ¢’y. ~100 kPa through ~500 kPa are
presented in Figure 4.1 and 4.2Figure 4.2 respectively. As may be noted from the stress paths

(Figure 4.2) the specimens have deformed initially in a contractive manner followed by a
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dilative response. The points at which phase transformation (from contractive to dilative)
occurs are indicated by a “dot” symbol in Figure 4.2. Phase transformation seems to have
occurred at the same mobilized shear stress ratio (t/c’y). In terms of the stress-strain
characteristics (Figure 4.1), all the samples can be considered to have exhibited behaviour of

no “strain-softening”.

Figure 4.1 Constant volume monotonic DSS test on undisturbed specimens of Fraser River
Delta silt at varying confining stress levels: Stress-strain curves; ¢’y = 100, 200, 300, 400 and

500 kPa.
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The stress paths were normalized to the initial effective confining stress, ¢'v., and Figure 4.3
shows that the stress paths from all tests follow a consistent pattern. Clearly, the normalized
stress paths for all the tests appears to be almost coincident (or fall within a narrow range)
indicating that the response of normally consolidated silt is similar to that typically observed

for normally consolidated clays (Atkinson and Bransby, 1978).
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Figure 4.2 Constant volume monotonic DSS test on undisturbed specimens of Fraser River
Delta silt at varying confining stress levels: Stress path curves; ¢’y = 100, 200, 300, 400 and
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Figure 4.3 Constant volume monotonic DSS test on undisturbed specimens of Fraser River
Delta silt at varying confining stress levels: Normalized stress path curves; ¢’ = 100, 200,
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4.1.2 Effect of initial static shear stress bias

DSS tests in Test Series Ila was performed on specimens consolidated to the same initial
effective confining stress (c'yc) of ~100 kPa and selected values of “initial static shear stress

bias (o = 1o/6"yc)” - i.e., o = 0.05, 0.10 and 0.15.

After initial consolidation under the applied vertical stress, the static shear stress to meet the
prescribed “initial static shear stress bias” was applied in an incremental manner while keeping
the specimen in a drained condition; the specimen was allowed to reach equilibrium (i.e.,
stability in vertical and shear strains) under a given shear stress increment, prior to application
of the subsequent shear stress increment as appropriate. Figure 4.4 shows the static shear
application phase for the three tests with static bias. The slope of the stress-strain curves
(Figure 4.4a) displays similarity in the drained shear behaviour in all three specimens. For the
first shear increment to t, =S5 kPa, all specimens reach a shear strain y of about 0.05%.
Volumetric strain versus shear strain response (Figure 4.4b) also show that all specimens reach

a similar volumetric strain for the same applied shear.

Figures 4.5 and 4.6 show the stress strain and stress path response for these tests including the
specimen tested with no static shear bias. The stress-strain response shows a slight increase in
the shear strength with the increase in initial static bias for the specimens tested at 1,/6"yc = 0.05
and 1,/6'yc=0.10. That trend is not noticeable for the specimen tested at 1,/6"y.=0.15 for up to
5% shear strain. The stress paths presented in Figure 4.6 show that the phase transformation
point occurs approximately at the same shear stress ratio as those observed from the monotonic

tests conducted without static bias. These observations are in agreement with the uniqueness
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of phase transformation line observed for sands by Ishihara (1996), Vaid and Chern (1985),

and Negussey et al. (1988).

Figure 4.4. Application of static shear prior to monotonic shear in constant volume DSS test
on undisturbed specimens of Fraser River Delta silt at varying initial static shear bias (a):
6’ve = 100; =0.05, 0.10, 0.15. a) Stress-Strain curve, b) Volumetric train versus shear strain.
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Figure 4.5 Constant volume monotonic DSS test on undisturbed specimens of Fraser River

Delta silt at varying initial static shear bias (a): Stress-strain curves; 6’ = 100; =0.05, 0.10,
0.15.
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Figure 4.6 Constant volume monotonic DSS test on undisturbed specimens of Fraser River
Delta silt at varying initial static shear bias (a): Stress path curves; ¢’y = 100; =0.05, 0.10,

0.15.
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4.2  Cyclic response

The following sections present the results from a detailed investigation to assess the cyclic
shear response of Fraser River silt. The effects of the following parameters on the cyclic shear
response of this material are investigated: (i) effect of initial confining stress — from tests
conducted on specimens consolidated to different vertical effective stress levels with no static
shear (Test Series Ib, Table 3.3); (i1) the effect of the initial static shear bias — studied using
tests conducted on specimens consolidated under different initial static shear stress conditions
vertical effective stress levels (Test IIb, Table 3.3); (iii) the effect of overconsolidation - from
tests conducted on specimens overconsolidated in the laboratory to different overconsolidation
ratios with no static shear (Test Series Ic, Table 3.3). It is noted that data from some of the
tests on Fraser River silt (i.e., same material tested in the present investigation) conducted by
the author as a part of her Masters thesis work (Sanin 2005) at the University of British
Columbia were also included in the interpretations since such expansion of the database

assisted arriving at more robust conclusions.

4.2.1 Effects of initial effective confining stress

4.2.1.1 General stress strain pore water pressure response

Test series Ib investigates the effects of the initial effective confining stress on the cyclic shear
loading response of Fraser River Delta silt. Sanin (2005) has already presented the results for
normally consolidated specimens of Fraser River Delta silt for values of ¢’y equal to 85 kPa,

100 kPa and 200 kPa. The study indicated that the influence of the effective confining stress
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on the cyclic shear response of Fraser River Delta silt was not significant for that range of
effective stress; however, it was noted that further work would be necessary to arrive at more
robust conclusions. The current study expands the range of initial effective confining stress up
to 400 kPa. Results from constant volume cyclic shear tests on Fraser River silt conducted
with ¢’y =100 kPa under varying cyclic stress ratio levels are presented in Figures 4.7
through 4.10. Figures 4.11 to 4.14 present the results of cyclic tests conducted at 6"y =300 kPa
at different cyclic stress ratios. Similarly, Figures 4.15 through 4.17 present the results for

different values of CSR at a nominal initial confining stress of 400 kPa.

The details related to any individual tests can be noted directly from the figures. The intent
here is to present typical test results and then examine and highlight some of the key

observations and findings emerging from these results.

Figure 4.7 Constant volume cyclic simple shear DSS test on undisturbed specimen of normally
consolidated Fraser River Delta silt: Stress strain and stress path curves; ¢’y = 100;

CSR =0.14.
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Figure 4.8 Constant volume cyclic simple shear DSS test on undisturbed specimen of normally

consolidated Fraser River Delta silt: Stress strain and stress path curves; ¢’y = 100;
CSR =0.17.
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Figure 4.9. Constant volume cyclic simple shear DSS test on undisturbed specimen of

normally consolidated Fraser River Delta silt: Stress strain and stress path curves; 6’y = 100;
CSR = 0.20.
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Shear stress, tn (kPa)

Figure 4.10 Constant volume cyclic simple shear DSS test on undisturbed specimen of

normally consolidated Fraser River Delta silt: Stress strain and stress path curves; ¢’y = 100;
CSR =0.29.
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Figure 4.11 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves; 6’y = 300;
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Figure 4.12 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves; 6’y.= 300;
CSR =0.15.
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Figure 4.13 Constant volume cyclic simple shear DSS test on undisturbed specimen of

normally consolidated Fraser River Delta silt: Stress strain and stress path curves; 6’y.= 300;
CSR =0.17.
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Figure 4.14 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves; ¢’y = 300;
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Figure 4.15 Constant volume cyclic simple shear DSS test on undisturbed specimen of

normally consolidated Fraser River Delta silt: Stress strain and stress path curves; o’y = 400;
CSR =0.12.
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Figure 4.16 Constant volume cyclic simple shear DSS test on undisturbed specimen of

normally consolidated Fraser River Delta silt: Stress strain and stress path curves; ¢’y = 400;
CSR =0.17.
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Figure 4.17 Constant volume cyclic simple shear DSS test on undisturbed specimen of

normally consolidated Fraser River Delta silt: Stress strain and stress path curves; o’y = 400;
CSR =0.19.

200 0 504 100\150 200)250 300 350 400 48

5.0 10.0  15.0

o

€= 0.890
Gvo= 398.98 kPa -60.0 -
teyloe= 019 -80.0 -

Shear stress, tcy (kKPa)
Shear stress, 1cy (kKPa)
o
o

Shear strain, y (%) Vertical effective stress, o'y (kPa)

The variation of equivalent excess pore water pressure (Au) vs. number of loading cycles for
the cyclic tests conducted with 6'y. = 100, 300, and 400 kPa at different cyclic stress ratios are
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presented in Figure 4.18 through 4.20, respectively. While all the specimens exhibit gradual
increase of Au with increasing number of loading cycles, the rate of generation of equivalent
excess pore water pressure ratio r, [ =(Au/c’y.)] with number of cycles increases with
increasing applied CSR. For example, the specimen with ¢’y = 100 kPa that was subjected to
CSR =0.29 developed r, = 100% in about 4 cycles (see Figure 4.10); whereas, the specimen
tested with ¢’y = 100 kPa but CSR =0.10 only developed r, = 50% even after experiencing
140 cycles of loading (see Figure 4.7). It is also of interest to note that the build-up of
equivalent excess pore water pressure with the increasing number of cycles results in
significant cyclic shear strains even at moderate levels of cyclic loading. For example, with a
CSR value of 0.21, shear strains of the order of 12% were reached in about 11 cycles compared
to almost no shear strains observed in a specimen that was imparted with 140 load cycles of

CSR =0.10.

Figure 4.18 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Excess pore water pressure vs. number of
loading cycles for different CSR values; ¢’ = 100 kPa.
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Figure 4.19 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Excess pore water pressure vs. number of
loading cycles for different CSR values; ¢’y = 300 kPa.
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In a general sense, it is reasonable to state that all the specimens initially show cumulatively
contractive response, and with increasing number of load cycles, the specimens display
cumulative increase in excess pore water pressure with associated progressive degradation of
shear stiffness. In a given cycle, the shear stiffness experiences its transient minimum when
the applied shear stress is close to zero (when the effective stress is minimum). It is important
to note that the shear response gradually changed from contractive to dilative (or experienced
phase transformation) during the ‘loading’ (or increasing shear stress) phases. However,
significant contractive response was noted during ‘unloading’ (or decreasing shear stress)
phases suggesting significant plastic volumetric strains during unloading, particularly in

specimens that have experienced phase transformation.

All the specimens eventually experienced zero, close to zero, transient vertical effective stress
conditions during cyclic loading. This cyclic mobility type response is generally similar in
form to the undrained (constant-volume) cyclic shear responses observed from cyclic shear
tests on natural silts, fine-grained mine tailings, and clays (Sanin 2005; Wijewickreme et al.
2005a; Zergoun and Vaid 1994) and compact to dense reconstituted sand (Sriskandakumar
2004; Kammerer et al. 2002). Clearly, it is of importance to note that the observed cyclic
mobility type of response is unaffected although the specimens have been consolidated to

significantly different initial consolidation confining stress levels (6’ yc).
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4.2.1.2 Cyclic shear resistance

It is also of interest to examine the cyclic shear resistance of Fraser River silt by comparing the
response observed from DSS testing under different applied cyclic loadings. In order to
facilitate this comparison, the number of load cycles required to reach a single-amplitude
horizontal shear strain y = 3.75%, in a given constant volume DSS test under a given applied
CSR, was defined as Ny=37s54. This y=3.75% condition in a DSS specimen is essentially
equivalent to reaching a 2.5% single-amplitude axial strain in a triaxial soil specimen. An
identical definition has been previously used to assess the cyclic shear resistance of sands by
the U.S. National Research Council (NRC 1985), and it also has been adopted in many

previous liquefaction studies at UBC.

The applied cyclic stress ratio [CSR = (1¢,/6’y¢)] is plotted against number of cycles to reach
single-amplitude y = 3.75% in Figure 4.21. The data points seem to fall on a single trend-line
suggesting that cyclic resistance is relatively insensitive to the confining pressure (and the
changed initial void ratio due to consolidation) and that the response is influenced only by the
mobilized shear stress ratio. It is important to note that the observation is also in accord with
the coincidence of normalized stress paths found from monotonic shear testing work of the
same soil, as described in Section 4.1. Similar behaviour has been observed by Zergoun and
Vaid (1994) for normally consolidated clay in cyclic triaxial tests, and the findings are in
harmony with the typical behavioural frameworks noted for normally consolidated clay (e.g.,

Atkinson and Bransby 1978).
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Figure 4.21 Cyclic resistance ratio (t.,/0’yc) from constant volume cyclic DSS tests on
undisturbed specimens of normally consolidated Fraser River Delta silt at varying initial
confining stress levels.
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The results of the cyclic DSS tests performed at initial confining stress levels 6’ =100, 200,
300 and 400 kPa can also be plotted in the form of cyclic strength ratio defined as the ratio of

S
, as shown

the applied cyclic shear stress, t.y to the undrained shear strength in the DSS, su°
in Figure 4.22. This approach has been previously been used to interpret the results of cyclic
testing for clays (e.g., Zergoun and Vaid 1994, Andersen 2009, Idriss and Boulanger 2008).
The data points seem to fall on a single trend-line also suggesting that the cyclic resistance of

Fraser River silt is not sensitive to the initial confining stress. The observations are also in

accord with the normalized behaviour observed for the monotonic DSS loading.
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Figure 4.22. Cyclic strength ratio (rcy/suDSS) from constant volume cyclic DSS tests on
undisturbed specimens of normally consolidated Fraser River Delta silt at varying initial
confining stress levels.
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It is also of interest to review the above observations with respect to the generally accepted
response of relatively clean sands. In sands, the cyclic resistance generally increases with
increasing density; for a given relative density, the cyclic resistance in sands has been noted to
decrease with increasing confining stress (Seed and Harder 1990). In addition to the effects of
density and confining pressure, the differences in particle fabric alone could lead to significant
differences in CRR (Wijewickreme et al. 2005b). The observations presented herein suggests
that, for the tested Fraser River silt, the dilative tendency arising due to stress densification
seems to have overcome the possible contractive tendency due to the increase in confining
stress. Park and Byrne (2004) and Wijewickreme et al. (2005b) have noted similar effects due
to stress densification in their tests on sands.
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4.2.2 Effects of initial static shear loading

4.2.2.1 General stress strain pore water pressure response

As indicated in Table 3.3, the effects of static shear bias were investigated for three different
values of a = (1,/6’v): 0.05, 0.10 and 0.15 (Test Series IIb). The cyclic loading stress-strain
and stress path responses at different CSR values with initial static bias of 0.05, are presented
in Figures 4.23 to 4.26. Similarly, the results test performed with a values of 0.10, are
presented in Figures 4.27 to 4.32. Figures 4.33 to 4.37 present the results of tests with initial

o values of 0.15.

Figure 4.23 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
o’ve = 100 kPa; CSR = 0.12; a=0.05.
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Shear stress, th (kPa)

Figure 4.24 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
o’ve = 100 kPa; CSR = 0.15; a=0.05.
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Figure 4.25 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
c’ve = 100 kPa; CSR =0.19; a=0.05.
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Figure 4.26 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
o’ve = 100 kPa; CSR = 0.21; a=0.05.
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Figure 4.27 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
6’ve = 100 kPa; CSR = 0.09; a=0.10.
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Figure 4.28 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
G’ve = 100 kPa; CSR =0.13; a=0.10
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Figure 4.29 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
v = 100 kPa; CSR =0.12; a=0.10.
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Figure 4.30 Constant volume cyclic simple shear DSS test on undisturbed specimen of

Shear stress, tcy (kPa)

normally consolidated Fraser River Delta silt: Stress strain and stress path curves;

o’ve = 100 kPa; CSR =0.17; 0=0.10.
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Figure 4.31 Constant volume cyclic simple shear DSS test on undisturbed specimen of

Shear stress, tcy (kPa)

normally consolidated Fraser River Delta silt: Stress strain and stress path curves;

6 ve = 100 kPa; CSR = 0.19; 0=0.10.
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Figure 4.32 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
6’ve = 100 kPa; CSR = 0.20; 0=0.10.
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Figure 4.33 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
v = 100 kPa; CSR =0.12; a=0.15.
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Figure 4.34 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
o’ve = 100 kPa; CSR =0.15; a=0.15.
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Figure 4.35 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
G’y = 100 kPa; CSR =0.19; a=0.15.
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Figure 4.36 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
o’ve = 100 kPa; CSR = 0.16; a=0.15.
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Figure 4.37 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
6’ve = 100 kPa; CSR =0.11; a=0.15.
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As may be noted, cyclic mobility type strain development was observed in all of the tests
throughout the cyclic loading process. Again, liquefaction in the form of strain softening
accompanied by loss of shear strength did not manifest itself regardless of the o value and
applied CSR level, or the degree of excess pore water pressure developed. In other words, the
observed behaviour suggests that the tested silts are unlikely to experience flow failure under
undrained cyclic loading, including those specimens subjected to an initial static shear stress
bias up to 0.15. However, the build-up of equivalent excess pore water pressure with the
increasing number of cycles could result in significant cyclic shear strains even at moderate
levels of cyclic loading. As may be noted from the Figures 4.23 to 4.37 (of Test series IIb, Ilc
and IId), the potential for build-up of excess pore water pressure and the accumulated shear

strains seem to increase with increasing initial static shear stress bias level.

The excess pore water pressures ratios (r, = Au/c’y.) developed during cyclic loading are
further examined in Figure 4.38 and 4.39 for two selected CSR values, where r, versus number
of load cycles from cyclic shear tests involving three distinct values of o are compared. The
results indicate that there is a marked increase of the rate of development excess pore water

pressure 1, (with respect to the applied number of CSR cycles) with increasing a level.
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Figure 4.38 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Pore water pressure development at different
initial static shear values and constant CSR = 0.15.
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Figure 4.39 Constant volume cyclic simple shear DSS test on undisturbed specimen of
normally consolidated Fraser River Delta silt: Pore water pressure development at different
initial static shear values and constant CSR = 0.20.
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4.2.2.2 Cyclic shear resistance

The number of load cycles (N,=37s50,) required to reach a single-amplitude horizontal shear
strain v = 3.75% under a given applied CSR was plotted in Figure 4.40 to examine the effect of
o on cyclic shear resistance. While appreciating that allowance should be made for the
expected variability in field samples of soil and experimental scatter, the CRR versus N,=3 759,
relationship for each value of o can be represented by trend-lines as shown in Figure 4.40.

Comparison of these trend-lines reveals that the CRR of the tested material would generally

decrease with increasing initial static shear stress level.

Figure 4.40 Cyclic resistance ratio from constant volume cyclic DSS tests on undisturbed
specimens of normally consolidated Fraser River Delta silt at varying initial static shear bias.
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4.2.3 Effects of overconsolidation

4.2.3.1 General stress strain pore water pressure response

Figures 4.41 and 4.42 present the typical stress path and stress-strain relationships obtained for
constant volume cyclic tests on laboratory overconsolidated (OC) specimens of silt reproduced
from Sanin (2005). The tests were conducted with a cyclic stress ratio (CSR) amplitude of
0.21, commencing from a vertical effective consolidation stress of 6"y ~ 100 kPa (Test Series
Ic — Table 4.1). Because of the essentially identical ¢’y and CSR, the results can also be
directly compared with those from shown in Figure 4.9 for normally consolidated Fraser River

silt (undisturbed specimens).

Figure 4.41 Constant volume cyclic simple shear DSS test on undisturbed specimen of

overconsolidated Fraser River Delta silt: Stress strain and stress path curves; ¢’y = 100 kPa;
CSR =0.21; OCR=1.3.
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Figure 4.42 Constant volume cyclic simple shear DSS test on undisturbed specimen of

overconsolidated Fraser River Delta silt: Stress strain and stress path curves; 6’ = 100 kPa;
CSR =0.21; OCR=1.7
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In spite of the overconsolidation effect, the gradual development of equivalent excess pore
water pressure with increasing number of cycles along with degradation of shear stiffness is
still prevalent. As such, significant permanent cyclic shear strains are still a possibility if the
OC silt is subjected to sufficient number of load cycles applied under elevated stress levels.
For example, a specimen with an OCR ~ 1.8 when subjected to CSR ~ 0.3 reached y =3.75%

shear strain criteria in about 7 cycles of loading (Sanin, 2005).

In a general sense, the mechanism of strain development for the tests conducted on OC
specimens is via cyclic mobility and, again, similar in form to those observed for the
counterpart tests that were conducted on normally consolidated specimens. However, in
contrast to the response of the normally consolidated specimen in Figure 4.9 that showed a

completely contractive response during both loading and unloading parts of the 1* cycle of
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loading, the OC specimens seem to manifest phase transformation from contractive to dilative

almost in the first loading cycle itself.

Figure 4.43 presents the comparison of the first and eleventh loading cycles for specimens of

Fraser River silt tested at different OCR wvalues.

Clearly, the specimens with OCR>1.0

exhibited phase transformation from contractive to dilative behaviour in the first loading cycle.

Also, the overconsolidated specimens, for the same number of cycles, developed less shear

strain and pore water pressure.

Figure 4.43. Comparison of constant volume cyclic simple shear DSS test on specimens of
Fraser River Delta silt at different overconsolidation ratios. First and eleventh loading cycles:
Stress strain and stress path curves; ¢’y = 100 kPa; CSR = 0.21.
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The variation of CRR versus N,=3.75% obtained using the results from the tests on

overconsolidated Fraser River silt is depicted in Figure 4.44. The graphs clearly show that the

CRR generally increases with increasing level of overconsolidation. This effect only becomes
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noticeable when the material is overconsolidated to a level above OCR ~ 1.3. Similar findings
have been reported by Andersen (2009) after analyzing data from different types of soils that

included clays, silts and sands.

Figure 4.44 Cyclic resistance ratio from constant volume cyclic DSS tests on undisturbed
specimens of Fraser River Delta silt at varying overconsolidation ratios.
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As shown in Figure 4.21, the cyclic resistance ratio of Fraser River Delta silt seems to be
independent from the initial confining stress in the virgin compression range (for ¢’y greater
than the in situ vertical effective stress). The data from the overconsolidated tests on Fraser

River silt can also be represented by a relatively unique curve in the form of:

CRR = [, /6've ]/[OCR]O'72 Equation. 2
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as shown in Figure 4.45. The uniqueness of the curve in the recompression range has also been

observed in sands [Terzaghi et al. (page 201) 1996; Mesri 2009 personal communication].

Figure 4.45 Cyclic resistance ratio from constant volume cyclic DSS tests on undisturbed
specimens of Fraser River Delta: Effect of overconsolidation ratio.
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4.3  Other considerations and discussion

4.3.1 Sensitivity of cyclic shear resistance to strain criteria

In order to assess the sensitivity to the strain criterion, the CRR values for the Test Series I(b)
were determined considering an alternate strain criterion of y = 7.5%, and these alternate CRR
values are compared in Figure 4.46 with the counterpart values obtained using y =3.75%. In
Figure 4.46, based on the observed cyclic stress strain response, the additional number of load

cycles required to increase y from 3.75% to 7.5% for a given test has been denoted by AN. As
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may be noted, at higher cyclic stress ratio levels, only a small number of additional load cycles
(AN = 2) are required to cause this doubling of shear strain amplitude. The required AN
appears to increase with reducing shaking intensity. Clearly, the data presented demonstrate
the potential disadvantages in the definition of cyclic shear resistance using a specific strain
criterion. In earthquake engineering problems, deformations during seismic loading mostly
govern the design, for example, the determination of required remedial ground improvements.
The above observations suggest that, if laboratory testing is undertaken to characterize
earthquake response, the strain criterion used in the definition of CRR should be carefully
reviewed to ensure that it is commensurate with the acceptable strain levels with respect to the

specific problem under study.

Figure 4.46 Cyclic resistance ratio from constant volume cyclic DSS tests on undisturbed
specimens of Fraser River Delta: Effect of overconsolidation ratio.
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4.3.2 Comparison with cyclic shear response of sand

It is useful to make a comparison between the stress-strain and excess pore water pressure
response observed for Fraser River silt and those observed from tests on sands. Previous
observations by Wijewickreme et al. (2005b) and Sriskandakumar (2004) on the behaviour of
Fraser River sand (originating from the same Fraser River deltaic deposit as the tested silt )
using the UBC DSS device provides an opportunity make this comparison. This work has
shown that relatively loose Fraser River sand (D,. =40%, e.=0.812; ¢’y ~ 100 kPa) under
constant volume cyclic shear loading could experience change in shear stiffness from stiff to
very soft in an abrupt manner over the duration of one load cycle - this abrupt loss of shear
stiffness is clearly in accord with the idea of liquefaction “triggering” as noted previously
during other research work on sands (Castro 1975; Ishihara et al. 1975; Vaid and Chern 1985).
On the other hand, when the same Fraser River sand was tested under dense conditions
(Drc = 80%, e. = 0.685; o’y ~ 100 kPa), it has been observed that the material would exhibit
gradual excess pore water pressure development with progressive degradation of shear stiffness
with increasing cyclic loading (Sriskandakumar 2004). As noted in GVLTF (2007), these
observations suggest that the shear behaviour Fraser River silt, which exhibited gradual excess
pore water pressure development with progressive degradation of shear stiffness in constant
volume cyclic shear loading, is more similar to dense sand in behavioural pattern than to

relatively loose sand.
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4.4  Observations on the cyclic shear response of other fine-grained soils

A limited number of tests were performed on other fine-grained materials such as quartz rock
powder and Kitimat clay (Test series 1V) to observe the type of response of different fine-
grained soils to cyclic shear loading. Kitimat clay is a naturally occurring material of low to
medium sensitivity, and it is understood to have been deposited in a marine environment.
Herein, quartz rock powder and Kitimat clay were selected to generate some limited, but
useful, observations on the behavioural patterns for materials having different characteristics

for comparison with the response of Fraser River silt.

In addition to the tests performed on these two materials, comparisons on the effects of
plasticity were made with already available data on other fine-grained soils. Characteristics of
the materials used for comparison are shown in Table 4.2. Gradation curves of these two

materials compared to the one for Fraser River silt are presented in Figure 4.47.

Table 4.2 Summary of index properties of the materials used for observations of effects of
plasticity on the cyclic response of fine-grained materials

. Nominal
Gs S?/f,‘“‘ So;? Col/ily LL Pl Syo’.' S/o’ve O € e

(kPa) (range) (range)

Quartzrock o0 g 92 3 - NP na n.a 100 1345  0.79-0.80

powder

Kitimat Clay 2.70 1 54 45 37 17 031 026 80  0.97-1.01 0.89-0.96

Laterite 410 0 65 35 34 12 na. na 100 146-159 132-1.45

Tailings

Copper-

Gold-Zinc 3.4-440-43 57-100 0 19 2 na. na 115-460 0.59—1.72 0.49-1.43

Tailings

n.a.= Not available; # and * = Values of S,/c’,. at the peak and 15% shear strain, respectively, from monotonic
tests on undisturbed samples
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Figure 4.47 Grain size analyses of fine-grained soils analyzed in this study
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As described by Wijewickreme et al. (2005a), the copper-gold-zinc tailings were obtained
using traditional ore processing methods, and the laterite tailings had been obtained from the
processing of limonite ore by a pressure acid leach process. This process involves the solution
of nickel and cobalt by sulphuric acid at high temperature and pressure, as described by
Chalkley and Toirac (1997). As may be noted from Table 4.2, the plasticity index (PI) of the
four materials considered herein span between non-plastic material for the quartz rock powder
and PI = 17 for the Kitimat clay, in turn, providing reasonable coverage of materials within the

region of relatively low plasticity.

4.4.1 Cyclic shear response

Figures 4.48 through 4.50 show the stress-strain and stress path response of natural Kitimat

clay subjected to constant volume cyclic direct simple shear at different cyclic stress ratios. All
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the specimens show predominantly contractive response during the first quarter to half cycles
of loading. In subsequent cyclic loadings, the response gradually changed from contractive to
dilative (or experienced phase transformation) during the “loading” (or increasing shear stress)
phases. The observed contractive response during “unloading” (or decreasing shear stress)
phases suggests significant “plastic deformations” especially after phase transformation. With
increasing number of load cycles, the specimens experienced a cumulative increase in excess
pore water pressure with associated progressive degradation of shear stiffness. Compared to
Fraser River silt, Kitimat clay experienced relatively increased level of degradation of shear
stiffness; this is not unexpected since the shearing was conducted at a cyclic stress ratio
(CSR=1.,/G’\¢) very close to its monotonic undrained shear strength ratio (Sy/c’yc) of 0.31. In
a given cycle, the shear stiffness experiences its transient minimum when the applied shear
stress is close to zero. The observed cyclic mobility type stress-strain response is similar to the
undrained (constant volume) cyclic shear responses previously observed from triaxial tests on

natural clayey soils (e.g., Zergoun and Vaid 1994).

Figure 4.48 Constant volume cyclic simple shear DSS test on undisturbed specimen of natural
Kitimat clay: Stress strain and stress path curves; 6’y = 80 kPa; CSR = 0.24.
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Figure 4.49 Constant volume cyclic simple shear DSS test on undisturbed specimen of natural
Kitimat clay: Stress strain and stress path curves; o’ = 80 kPa; CSR = 0.26.
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Figure 4.50 Constant volume cyclic simple shear DSS test on undisturbed specimen of natural
Kitimat clay: Stress strain and stress path curves; ¢’y = 80 kPa; CSR = 0.17.
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Figures 4.51 through 4.53 show the response of quartz rock powder at different CSR values.
Again, a cyclic mobility type response was observed; it is also of interest to note that there is a

trend of relatively more abrupt degradation of cyclic shear stiffness, with increasing number of
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load cycles, observed for this NC reconstituted quartz powder (with PI ~ 0) compared to that of

NC undisturbed Fraser River silt under similar CSR amplitudes.

Figure 4.51 Constant volume cyclic simple shear DSS test on specimen of quartz rock powder:
Stress strain and stress path curves; ¢’y = 100 kPa; CSR = 0.09.
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Figure 4.52 Constant volume cyclic simple shear DSS test on specimen of quartz rock powder:
Stress strain and stress path curves; ¢’y = 100 kPa; CSR = 0.12.

N
dn
e

15.0

10.0

5.0 1

0.0 /
0 x . } 04 1(100.0 120.0

I

@ Pointofy=3.75%

o

e.= 0.789
ove= 103.69 kRa

Shear stress, tcy (kPa)
Shear stress, tcy (kPa)

-10.0

Tcy/c'vcz 0.12
15:0 -15.0

Shear strain, y (%) Vertical effective stress, ¢'y(kPa)

88



Figure 4.53 Constant volume cyclic simple shear DSS test on specimen of quartz rock powder:
Stress strain and stress path curves; ¢’y = 100 kPa; CSR = 0.14.
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4.4.2 Cyclic shear resistance

The variation of cyclic resistance ratio (CRR) vs. N,=3 759, related to data from the tests on all
the material types considered in this thesis is presented in Figure 4.54. Recognizing that
allowance should be made for the expected variability in field samples and experimental
scatter, CRR vs. Ny=3 754, relationship for each material can be represented by trend-lines as
shown Figure 4.54. Comparison of the trend-lines reveals that the CRR of the materials seem
to generally increase with increasing plasticity of the soil. Similar trends have been noted by
Guo and Prakash (1999) based on review of cyclic triaxial testing data from a number of
sources involving testing of undisturbed as well as re-constituted samples and by Ishihara et al.
(1981) based on cyclic triaxial testing on undisturbed fine-grained mine tailings. Andersen
(2009) has also observed a similar trend on different clays with a wide range of PI values when

tested using direct simple shear and triaxial apparatus. Observation of trends as per Figure
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4.54 is significant since the data herein have been derived not only from undisturbed samples,
but also using the same direct simple shear device that is judged to simulate field loadings

during earthquake shaking.

Figure 4.54 Cyclic resistance ratio from constant volume cyclic DSS tests on undisturbed
specimens of fine-grained materials with different plasticity.
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45 Comparison of experimental observations with empirical criteria for

liquefaction

It is instructive to examine the liquefaction susceptibility of Fraser River silt using some of the
commonly used empirical criteria, and compare the findings in relation to the observations

from the cyclic DSS testing herein.

The test parameters for Fraser River silt were plotted with respect to Bray et al. (2004) criterion
(see Figure 4.55). This criterion, which is based on plasticity index (PI) and (W/LL), clearly
classify Fraser River silt into the category of susceptible to “liquefaction or cyclic mobility”.
This assessment is in conformity with the cyclic mobility observed for Fraser River silt during
DSS tests. However, it is important to note that the Bray et al. (2004) criteria do not provide a

clear distinction between the “liquefaction associated with strength loss” and “cyclic mobility”.

Figure 4.55 Application to Bray et al (2006) criteria for liquefaction susceptibility to Fraser
River Delta silt.
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A clear statement of seismic performance becomes a challenge when a material exhibits cyclic

mobility, where the level of strain accumulation is directly linked to the applied CSR and the
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number of cycles. While empirical criteria are simple and practically attractive as screening
tools, the above comparisons demonstrate that the understanding of the shear strain
development in cyclic-mobility is fundamental to assessing the performance of the silt under

cyclic loading.

Through detailed examination of soil behaviour, Idriss and Boulanger (2008) have suggested
that an approximate dividing line between coarse-grained and fine-grained behavioural patterns
(from a liquefaction point of view) can be established using soil plasticity index (PI) as a
parameter. They have referred to coarse-grained soils as having “sand-like” behaviour, and
fine-grained soils as having “clay-like” behaviour and recommended that a PI value of 7 be
used as the demarcation between coarse and fine-grained liquefaction response. Bray and
Sancio (2006) have also defined criteria to classify the behaviour of fine-grained soils, based

primarily on plastic limit, liquid limit and moisture content.

Using the Idriss and Boulanger (2008) approach, the natural Fraser River silt tested herein,
with PI ~4, would be classified as “sand-like” in current practice. As such, it would be of
interest to assess the cyclic shear resistance of Fraser River silt using field-based cyclic
resistance ratio (CRR) versus penetration resistance charts developed for “sand-like” soils;
using available field cone penetration resistance data of q.-1.6 MPa and c‘, =85 kPa as
average field values (see Table 3.1), along with appropriate “silt corrections” applied using this
approach, the CRR of Fraser River silt would be estimated as 0.075 (i.e., this implies that
liquefaction would “trigger” if the silt was subjected to 15 cycles of loading with
CSR =0.075). On the other hand, in the present laboratory study, results from two specimens

of NC Fraser River silt (with o', ~100 kPa) subjected to constant CSR cyclic loading indicate
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the following: (a) Test No. FRS100-014 with CSR =0.14, experienced r,-35% and single
amplitude cyclic shear strain yy. = 0.4% in 15 cycles, and r,=45% and Y.y = 0.45% in 30 cycles
(Figure 4.7); (b) Test No. FRS100-010 with CSR = 0.10, experienced r,=27% and Yy = 0.20%
in 15 cycles, and r,-35% and Y. = 0.25% in 30 cycles. The above relatively low r, and ycyc
values observed from tests with CSR > 0.10 suggest a laboratory-based CRR value for Fraser
River silt that is clearly higher than the CRR = 0.075 estimated based on field-based charts
assuming “sand-like” behaviour. Idriss and Boulanger (2008) have cautioned that the value of
PI=7 suggested as the delineation between sand-like and clay-like behaviour is in fact a
transition zone, and the liquefaction assessments may have to be adjusted on a site-specific
basis if justified by the results of detailed testing. The current findings from Fraser River silt
would serve as an example in this regard, demonstrating how detailed laboratory testing could
complement field-based approaches in the assessment of cyclic shear performance of fine-

grained low plastic silts.

4.6  Summary and principal findings

Under constant volume cyclic DSS loading, Fraser River silt exhibited cumulative decrease in
effective stress with increasing number of load cycles (i.e., cyclic-mobility-type strain
development mechanism) regardless of the initial ¢, initial static shear stress bias (o), OCR,
and applied CSR level. No strain softening and/or loss of shear strength were observed in any
of the tests. The cyclic resistance ratio (CRR) of normally consolidated Fraser River silt was

not sensitive to the initial ¢’y for the tested stress range of 85 kPa < ¢’y <400 kPa. The CRR
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of Fraser River silt was noted to increase with increasing overconsolidation ratio (OCR), for
OCR > 1.3. The test results also indicated that the cyclic resistance would reduce with increase

in initial static shear stress bias (o).

In an overall sense, for the tested natural low plastic Fraser River silt, the potential for
development of significant deformations under cyclic load appears to be the dominant concern
as opposed to strain softening and/or loss of shear strength. This observation suggests that the

Fraser River silt is unlikely to experience flow failure under cyclic loading.

Based on the criteria proposed by Bray et al. (2004) for liquefaction assessment, the Fraser
River silt tested herein would classify as susceptible to “liquefaction or cyclic mobility”. The
observations of the laboratory testing also suggest that this soil is susceptible to cyclic mobility
during DSS loading. However, the empirical criteria do not provide a distinction between
liquefaction involving loss of shear strength and cyclic mobility. With respect to Idriss and
Boulanger (2008) approach, the analyzed Fraser River silt would classify as “sand-like”. The
limited cone penetration test data available from testing, conducted at the location of samples
obtained for this study, provided an opportunity to apply the field-based approach by Idriss and
Boulanger (2008). This exercise suggested that the laboratory-based CRR value for Fraser
River silt is clearly higher than the CRR =0.075 estimated based on field-based charts
assuming “sand-like” behaviour. These demonstrate the value of detailed laboratory testing in
complementing field-based approaches in the assessment of cyclic shear performance of fine-

grained low plastic silts.
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5 EFFECTS OF PARTICLE STRUCTURE IN THE MECHANICAL

RESPONSE OF FINE-GRAINED SOILS

In general, it is fair to state that the behaviour of a given field soil condition is best examined in
the laboratory by testing of good quality “undisturbed” soil specimens. The possibility to
obtain reasonably undisturbed samples of certain low-plastic silts has been already
demonstrated (e.g., Bray et al. 2004, Sanin and Wijewickreme 2006); in spite of this, due to
increased costs and difficulties with such undisturbed field sampling, there is a tendency to use
reconstituted specimens for assessing the shear response of silts. Moreover, argument has also
been made that the testing of reconstituted samples would be suitable if the objective is to

determine the material characteristics at critical state (Jefferies and Been, 2006).

With this background, it was considered suitable to compare the shear performance observed in
undisturbed specimens of Fraser River silt with that from reconstituted material. This section
presents the results of a series of tests performed on reconstituted specimens of Fraser River
Delta silt; the results are then compared to those performed with the same testing parameters

on undisturbed samples.

The observations made from limited experimental work to study the behavioural characteristics

under monotonic shear loading of the reconstituted silt material are initially presented for
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comparison with the results from tests on undisturbed Fraser River silt described in Chapter 4.
Data from monotonic shear tests are initially presented then followed by data derived from

cyclic tests.

5.1 Mechanical response of undisturbed and reconstituted Fraser River silt

The results from a series of tests performed on specimens of reconstituted material from Fraser
River Delta silt are presented herein, and then compared to those from tests conducted on
undisturbed specimens of the same material. Details related to the preparation of the
reconstituted specimens are described in Chapter 3 of this thesis. The range of void ratios
obtained for all the specimens are presented in Table 4.1. It is of interest to note that the end-
of-consolidation void ratios (e.) observed for the reconstituted specimens were somewhat
lower than those noted for the undisturbed specimens under similar consolidation stress levels
(i.e., density of specimens obtained using reconstitution was observed to be higher than that of

undisturbed specimens).

5.1.1 Monotonic shear response

The stress-strain and stress path response observed from four constant volume, monotonic,
strain-controlled DSS tests on undisturbed specimens of Fraser River silt initially consolidated
to 6’y ~ 100, 200, 300, and 400 kPa are presented in Figures 5.1 and 5.2, respectively (Test

series la). In order to facilitate a direct comparison, corresponding data derived from similar
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tests conducted on reconstituted Fraser River silt (Test series I1la) are also superimposed on the

same figures.

Figure 5.1 Constant volume monotonic DSS test on reconstituted and undisturbed specimens
of Fraser River Delta silt at varying confining stress levels: Stress-strain curves; ¢’y = 100,
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Figure 5.2 Constant volume monotonic DSS test on reconstituted and undisturbed specimens
of Fraser River Delta silt at varying confining stress levels: Stress path curves; ¢’ = 100, 200,
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The general behaviour of the undisturbed specimens was discussed in Chapter 4 of this thesis.
Except for the initial shear strain levels (say up to ~1%) where the behaviours were almost
identical, reconstituted specimens exhibited a response more contractive than that observed for
the undisturbed specimens. Moreover, the reconstituted specimens experienced a mild strain-
softening response. In contrast, all the undisturbed specimens exhibited increasing shear
resistance with increasing strain. In an overall sense, the reconstituted specimens, despite
having a slightly lower void ratio, exhibited a weaker stress-strain response than displayed by
the undisturbed specimens.  The behavioural contrast between the undisturbed and the
reconstituted specimens observable in the specimen initially consolidated to 400 kPa suggest
that the original structure of the undisturbed specimens seem to prevail even after consolidating
the material to a confining stress level significantly higher than the estimated preconsolidation

stress for the natural soil.

The stress paths from the reconstituted specimens were normalized with respect to the initial
effective confining stress, ¢'y., and the results are compared with those from undisturbed
Fraser River silt in Figure 5.3. The normalized stress paths for both types of specimens fall
within a relatively narrow range; however, careful examination would reveal that the
reconstituted specimens reach the phase transformation line at a lower normalized shear stress
than the reconstituted specimens. In general, the “normalizable” response of normally
consolidated silt is similar to that typically observed for normally consolidated clays (Atkinson

and Bransby, 1978).
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Figure 5.3 Constant volume monotonic DSS test on reconstituted and undisturbed specimens
of Fraser River Delta silt at varying confining stress levels: Normalized stress path curves;
G’ve =100, 200, 300 and 400 kPa.
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Similar observations have also been made by Heeg et al. (2002) in their comparisons between
undisturbed and reconstituted specimens of natural and man-(tailings) made silts. They
reported substantial differences in the stress-strain-strength behaviour of undisturbed and
reconstituted specimens of natural and man-(tailings) made silts. In their research, all the
undisturbed specimens showed dilative behaviour compared to contractive behaviour of the
reconstituted specimens. As observed in this study, the densities of the reconstituted
specimens analyzed by Heeg et al. (2002) were also higher than the undisturbed specimens, but

they all showed lower peak strength and strain softening.

The consolidation stress state in terms of void ratio (e) and corresponding effective stress (c'y)
are commonly considered as suitable variables to represent the state of a soil. As such, from a

fundamental soil behaviour point of view, it is of interest to assess the e-c’y state of the
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material after consolidation as well as after reaching relatively large strain levels. It is to be
noted that, while the vertical effective stress (c’y) would change with shear-induced pore water
pressure, the void ratio (e) does not change during the shearing process since monotonic DSS
tests were conducted at constant volume. With this thinking, the location of e.- log ¢, state of
the specimens for undisturbed and reconstituted specimens of Fraser River silt immediately
after initial consolidation are plotted in Figure 5.4 using two types of open symbols. The e-G’y
states of the same specimens after reaching a shear strain of ~15% are also superimposed in
Figure 5.4 using solid symbols. Examination of this figure reveals that initial consolidation
state of undisturbed Fraser River silt follow a linear e — log ¢’y relationship. In a similar
manner, the initial consolidation state of the reconstituted material also seems to follow a linear
e — log o’ relationship, but different from that noted for the undisturbed Fraser River silt. The
observed linearity is in accord with the well known behaviour for normally consolidated fine-
grained soils (Atkinson and Bransby 1978). It is reasonable to state that the difference in
particle fabric, aging effects, would be the cause for the difference between the normal

consolidation lines for the undisturbed and reconstituted soils.

It is observable that, for each of the undisturbed and reconstituted specimens tested, the e - log
o’y states of the specimens after reaching a shear strain of about 15% appear to follow a
straight line; these straight lines seem to align generally parallel to the counterpart e - log 6’y

line depicting the initial consolidation response (i.e., data points with open symbols).
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Figure 5.4 e-log o'v relationships for undisturbed and reconstituted specimens of Fraser River
silt immediately after initial consolidation compared with those after reaching 15% shear strain
in monotonic direct simple shear.
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The e - log o’y states of the specimens after reaching a shear strain of 15%, under identical
simple shear loading mode, are distinctly different for the undisturbed and reconstituted silt
specimens. It is of relevance to examine these lines drawn at 15% strain level in relation to the
well-established critical state concepts (Atkinson and Bransby 1978). If there exists a unique
critical state for the tested silt, it would be logical/reasonable to deduce that: (i) the e - log 6"y
state of the undisturbed specimens has clearly not reached the critical state after experiencing
shear strains in the order of 15%; and (ii) the e - log ¢’y state of the remoulded specimens after
experiencing shear strains in the order of 15% would be more close in location to the existent
critical state than the state of the undisturbed specimens after experiencing shear strains in the
order of 15%. The large strain e - log G’y state reached through monotonic shear testing of
remoulded silts has been proposed as a reasonable way to determine the critical state line for

silts, which in turn has been argued to be useful for developing the baseline framework
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especially for the assessment of static liquefaction (Jefferies and Shuttle 2002). However, the
observations presented in Figure 5.4 would suggest that the determination of the “true” critical
state line through laboratory monotonic shear testing of undisturbed silt would be extremely
difficult, if not impossible. In turn, these observations also suggest that the use of a critical
state e - log o’y line generated based on reconstituted silt specimens to assess the field

performance (i.e., performance of undisturbed soil) may not be suitable for fine-grained soils.

In an overall sense, the experimental observations presented herein, with respect to the e - log
o’y domain, suggest that the reconstituted and undisturbed silt specimens have exhibited
significantly different monotonic loading characteristics, in spite of their identical
mineralogical origin and grain size. These differences suggest that the commonly used
variables e and o', alone are not sufficient to define/determine the shear behaviour of low
plasticity silt; the differences can be reasonably attributed to considerations such as the
difference in particle structure (soil fabric) and the age that may not essentially be reflected in
the void ratio. For example, the natural fabric and aging effects of the undisturbed silt would
not be present in the specimens of reconstituted silt that were prepared from a slurry state; in
turn, this seems to have led to a particle structure that is relatively weak in terms of its ability to
offer shear resistance. These deductions are in accord with the observations made by Leroueil

and Hight (2003) with respect to the performance of several other natural soils.
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5.2  Cyclic shear response

Reconstituted specimens of Fraser River delta silt were subjected to cyclic direct simple shear
to compare the results with those observed for the undisturbed specimens. All the tests were
conducted at nominal initial effective confining stress of 100 kPa to provide a basis for
comparison between tests. Stress-strain and stress path curves of the tests conducted at

different cyclic stress ratios are presented in Figures 5.5 to 5.7.

Figure 5.5 Constant volume cyclic simple shear DSS test on reconstituted specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
6’ve = 100 kPa; CSR = 0.10; consolidation time = 3hrs.
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Figure 5.6 Constant volume cyclic simple shear DSS test on reconstituted specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
o’ve = 100 kPa CSR = 0.12; consolidation time = 3hrs.
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Figure 5.7 Constant volume cyclic simple shear DSS test on reconstituted specimen of
normally consolidated Fraser River Delta silt: Stress strain and stress path curves;
o’ve = 100 kPa; CSR = 0.15; consolidation time = 3hrs.
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In a general sense, the reconstituted specimens seem to exhibit gradual increase in excess pore
water pressure and degradation of shear stiffness with increasing number of load cycles, similar
to the observed response of the undisturbed specimens. Typically, the shear stiffness
experienced its transient minimum when the applied shear stress is close to zero. This cyclic
mobility type response is generally similar in form to the undrained (constant-volume) cyclic
shear responses observed from cyclic shear tests on fine-grained mine tailings, clays, and
specimens of dense reconstituted (Wijewickreme et al. 2005a, 2005b). In spite of the observed
similarity of the strain development mechanism, there is a dramatic difference in the cyclic
shear behaviour between undisturbed and reconstituted specimens under identical CSR

amplitudes, and this aspect is discussed below.

5.3 Comparison of cyclic shear response between reconstituted and undisturbed

Fraser River silt

The response observed specifically at first and last loading cycles from two selected tests on
reconstituted materials are presented in Figures 5.8 and 5.9; in order to make a direct
comparison, the observed response from cyclic DSS tests conducted at the essentially identical
CSR value on counterpart undisturbed specimens are also superimposed on the same figure. It
can be noted that the undisturbed and reconstituted specimens displayed completely contractive
response during the 1st half cycle of loading. Beyond that point, the results for the undisturbed
specimen shown in Figure 5.8 (CSR=0.10) did not develop significant pore water pressure or
cyclic shear strain during cyclic loading and the results for the undisturbed specimen shown in

Figure 5.9 (CSR=0.15 ) exhibited dilative tendency during “loading” (or increasing shear stress
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and contractive response during “unloading” (or decreasing shear stress). In contrast, the
reconstituted specimens continued to develop excess pore water pressures at a much faster rate
(i.e., perform in a contractive manner) leading to a rapid degradation of shear stiffness with

increasing number of cycles — particularly, in comparison to those of the undisturbed

specimens.

Figure 5.8 Comparison of constant volume cyclic simple shear DSS test on reconstituted and
undisturbed specimens of normally consolidated Fraser River Delta silt. First and twenty-ninth
loading cycles: Stress strain and stress path curves; ¢’y = 100 kPa; CSR = 0.10.
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Figure 5.9 Comparison of constant volume cyclic simple shear DSS test on reconstituted and
undisturbed specimens of normally consolidated Fraser River Delta silt. First and fourth
loading cycles: Stress strain and stress path curves; ¢’y = 100 kPa; CSR = 0.15.
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The generation of excess pore water pressure ratio r, [= (Au/c’y)] with the number of cycles
observed from two undisturbed silt specimens tested with differing CSR amplitudes are
presented in Figure 5.10. The response observed from the counterpart tests conducted on
reconstituted silt under identical consolidation and CSR loadings are also superimposed in the
same figure for direct comparison. As noted in the previously presented stress path plots, the
gradual increase of r, with increasing number of load cycles can be noted from all the tests, and
the rate of generation of r, with number of load cycles increases with increasing CSR. From
the point of view of this study, again, it is important to note that there is a remarkably high
contractive tendency in reconstituted silt specimens in comparison to undisturbed silt
specimens under identical initial consolidation stress and subsequent cyclic shear loading

conditions.
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Figure 5.10 Constant volume cyclic simple shear DSS test on undisturbed and reconstituted
specimens of normally consolidated Fraser River Delta silt: Pore water pressure development
at different CSR; ¢’y. = 100 kPa.
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In summary, after being subjected to the same number of cycles at the same CSR, the
reconstituted specimens seem to clearly experience shear strain, accumulation of excess pore
water pressure, and degradation of shear stiffness in a more rapid manner (with respect to
increasing number of cycles) compared to those observed from tests conducted on undisturbed
specimens. It is important to highlight that these observations are in accord with those findings
for the undisturbed and reconstituted specimens from monotonic shear tests; once again, the
observations reinforce the significant influence of natural fabric and aging effects on the shear

response of silt.
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5.3.1 Effects of “ageing” of reconstituted soils on the cyclic shear resistance

The results for the reconstituted silt specimens presented in the previous section were
generated from tests conducted on specimens that had been allowed to consolidate for about 3
hours prior to cyclic loading. In order to evaluate the effects of time of consolidation in the
cyclic shear resistance (“ageing” effects), two cyclic DSS tests were performed on
reconstituted silt specimens that had been left to consolidate for more than three hours. One of
the reconstituted specimens was left for consolidation for about 24 hours prior to cyclic
loading, and the second test was conducted on a reconstituted specimen left for 7 days prior to
cyclic loading. It is of relevance to note that the two specimens were tested at the same cyclic
shear loading (CSR = 0.12) in order to facilitate direct comparison with those results from the
reconstituted specimen tested after 3 hours of consolidation. Figures 5.11 and 5.12 present the
results of these two tests in terms of the stress-strain and stress-path behaviour. When
compared with the results of Figure 5.6, it can be noted that both “aged” specimens exhibited a
slightly less contractive response, requiring a larger number of cycles to reach a given strain

level.
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Figure 5.11 Constant volume cyclic simple shear DSS test on reconstituted specimen of

normally consolidated Fraser River Delta silt, aged specimen: Stress strain and stress path
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5.3.2 Cyclic shear resistance

The cyclic resistance ratio (CRR) derived from the above testing process on reconstituted silt
specimens can be examined by comparing the response observed from DSS testing under
different applied cyclic loadings. The cyclic resistance ratio [CRR = (t¢,/6"yc)] versus number
of cycles to reach single-amplitude y = 3.75% derived from the tests conducted on undisturbed
and reconstituted specimens of Fraser River silt, with different cyclic load amplitudes, are
plotted in Figure 5.13. Despite having a comparatively higher density (see Table 4.1), again, it
is evident that all reconstituted specimens consistently exhibited a significantly lower CRR vs.
number of cycles characteristic in comparison to the undisturbed specimens. Figure 5.13 also
presents the 2 points of CRR vs. No. of cycles obtained for the two “aged” specimens. It is
clear that CRR increases with “aging”. Nevertheless, if by doing a simple linear extrapolation
to 10,000 years (maximum age of the deposit of Fraser River Delta silt), the number of cycles
to reach y=3.75% with a CSR=0.12 is approximately 30 cycles, which is still low in

comparison to the curve obtained for the undisturbed specimens.

5.3.3 Observations on the cyclic shear response between undisturbed and reconstituted

specimens on different materials

A limited number of cyclic DSS tests were performed also on Kitimat clay on undisturbed and
reconstituted specimens (Test series IVb and IVc respectively) to compare with the
observations on Fraser River silt. The response of natural Kitimat clay presented in Figures
4.48 through Figure 4.50 (as discussed in Section 4.4.1) can be compared with Figures 5.14

through 5.16 presenting the counterpart results from tests on reconstituted specimens of the
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same material. Figures 5.17 and 5.18 compare the stress-strain and stress paths curves, from
two tests, corresponding to the first and last cycles of loading on undisturbed and reconstituted

specimens of Kitimat clay.

The type of response is the typical cyclic mobility type observed for the undisturbed
specimens. As observed for Fraser River silt, again despite having a comparatively higher
density (see Table 4.1), it is evident that all reconstituted specimens consistently required a
lower number of cycles to reach a given shear strain level, and the increase in shear strain and
gradual increase of pore water pressure ratio occurred at a higher rate. The reconstituted
specimens developed significantly higher pore water pressures and accumulated more shear

strain in the same number of cycles than the counterpart undisturbed specimens.

Figure 5.13 Cyclic resistance ratio from constant volume cyclic DSS tests on undisturbed and
reconstituted specimens of normally consolidated Fraser River Delta silt: Nominal initial
effective confining stress oy, = 100kPa.
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Figure 5.14 Constant volume cyclic simple shear DSS test on reconstituted specimen of
Kitimat clay: Stress strain and stress path curves; 6’ = 80 kPa CSR = 0.25.
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Figure 5.15 Constant volume cyclic simple shear DSS test on reconstituted specimen of
Kitimat clay: Stress strain and stress path curves; 6’y = 80 kPa CSR = 0.20.
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Figure 5.16 Constant volume cyclic simple shear DSS test on reconstituted specimen of
Kitimat clay: Stress strain and stress path curves; 6’y = 80 kPa CSR = 0.17.
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Figure 5.17. Comparison of constant volume cyclic simple shear DSS test on reconstituted and
undisturbed specimens of normally consolidated Kitimat clay. First and third loading cycles:
Stress strain and stress path curves; ¢’y = 80 kPa; CSR = 0.24.
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Figure 5.18. Comparison of constant volume cyclic simple shear DSS test on reconstituted and
undisturbed specimens of normally consolidated Kitimat clay. First and 24™ loading cycles:
Stress strain and stress path curves; o’y = 80 kPa; CSR =0.17.
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Figure 5.19 presents the cyclic resistance ratio curves for both Fraser River silt and Kitimat
clay. Curves for the undisturbed and reconstituted test data are provided in the plot. A
significantly lower CRR vs. number of cycles in the reconstituted specimens in comparison to

the undisturbed soil can be noted for both materials.

5.4  Summary and principal findings

The constant-volume monotonic and cyclic shear response of low-plastic, normally
consolidated fine-grained reconstituted silt (mainly Fraser River silt) was examined using data
from monotonic and cyclic direct simple shear DSS tests. The intent was to compare the shear
response of the reconstituted specimens with those obtained from undisturbed specimens of the

same material under similar consolidation stress conditions.
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Figure 5.19 Cyclic resistance ratio from constant volume cyclic DSS tests on undisturbed and
reconstituted specimens of normally consolidated Fraser River Delta silt and Kitimat clay.
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For the initial vertical effective confining pressure range of 100 to 400 kPa investigated using
monotonic shear tests, the specimens of reconstituted low plastic Fraser River silt (despite
having a lower density under identical consolidation stress conditions) exhibited a consistently
more contractive volume change tendency compared to that observed from the specimens of
undisturbed material consolidated to the same stress level. In an overall sense, it can be
concluded that the reconstituted specimens exhibited a generally weaker stress-strain response

than those displayed by the undisturbed specimens.

The consolidation stress state in terms of void ratio (e) and corresponding effective stress (o)
are commonly considered as suitable variables to represent the state of a soil. However, the

experimental observations presented herein, with respect to the e - log ¢’y domain, suggest that
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the reconstituted and undisturbed silt specimens have exhibited significantly different
monotonic shear characteristics, in spite of their identical mineralogical origin and grain size.
The observations also reveal that the use of a critical state e - log 6’y line generated based on
reconstituted silt specimens to assess the field performance (i.e., performance of undisturbed

soil) may not be suitable for fine-grained soil.

Under cyclic loading, although cyclic mobility type response similar to undisturbed silts was
noted, the reconstituted specimens seem to exhibit a more rapid excess pore water pressure
generation and shear stiffness degradation with respect to increasing number of cycles. These
observations are in accord with those findings for the undisturbed and reconstituted specimens
from monotonic shear tests, thus, emphasizing the significant influence of natural fabric and

aging effects on the shear response of silt.

These observed differences between the undisturbed and reconstituted materials suggest that
commonly used variables such as e and ¢’y alone are not sufficient to define/determine the
shear behaviour of low plasticity silt; the differences can be reasonably attributed to
considerations such as the difference in particle structure (soil fabric) and the age which may
not be reflected in the void ratio. For example, the natural fabric and aging effects of the
undisturbed silt would not be present in the specimens of reconstituted silt that were prepared
from a slurry state; in turn, this seems to have led to a particle structure that is relatively weak

in terms of its ability to offer shear resistance.
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6 POST-CYCLIC RECONSOLIDATION STRAINS IN LOW

PLASTIC FRASER RIVER SILT

As noted in Chapter 2. In addition to the shear deformations associated with loss of stiffness
and/or strength in some situations, another key mechanism of earthquake-induced deformations
is the overall volume change in the soil mass that takes place due to the dissipation of shear-

induced excess pore water pressures.

In consideration of the current lack of understanding on this subject, it was considered of
importance to study the post-cyclic consolidation characteristics of Fraser River silt in the
laboratory as part of the overall research on the earthquake response of low plastic silt. This
chapter presents the findings from this experimental research along with new laboratory-based
recommendations for estimating post-cyclic settlements of low plastic silts. Section 3.3

describes the testing procedure of the post-cyclic reconsolidation.

In addition to Fraser River silt (test series Ib, Ic, and IIIb), DSS testing was also undertaken on
specimens of reconstituted quartz rock powder (test series IVa) to expand the database and to
observe the results of post-cyclic reconsolidation. Herein, quartz rock powder was selected to

generate some limited, but useful, observations on the behavioural patterns of materials with
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different plasticity and grain size distribution for comparison with the response of Fraser River

silt.

6.1 Experimental observations

Table 4.1 presents a summary of the testing results of Fraser River silt carried out during this
research program. The results include the observed maximum pore water pressure ratio
developed during cyclic loading (Auma/c’yc) and the post cyclic volumetric strain (&y.ps)

recorded following cyclic loading.

6.1.1 Post-cyclic reconsolidation response

Typical post-cyclic reconsolidation volumetric strain (g,.,) versus time responses of
undisturbed normally consolidated Fraser River silt, overconsolidated Fraser River silt, and
reconstituted quartz rock powder are shown in Figures 6.1 through 6.3, respectively. The three
curves shown in each figure correspond to post-cyclic consolidation tests conducted on soil
specimens that have reached different levels of maximum excess cyclic pore water pressure
ratio [Ty-max = (AU)max /G’vc]. The information in Figure 6.1 suggests that the level of 1,.m.x has a
significant influence on the post-cyclic volumetric strains (i.e., post-cyclic consolidation
settlements) where there seems to be a trend of increasing &,.,s with increasing level of ry_max.
This trend is also observed for overconsolidated Fraser River silt and reconstituted quartz rock

powder, as presented in Figures 6.2 and 6.3, respectively.
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Figure 6.1 Typical volumetric strain (€,.ps) versus square-root-time characteristics of normally
consolidated natural Fraser River silt during post-cyclic consolidation (Test Series Ib).
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Figure 6.2 Typical volumetric strain (&,.ps) versus square-root-time characteristics of
overconsolidated natural Fraser River silt during post-cyclic consolidation (Test Series Ic).
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Figure 6.3 Typical volumetric strain (&,.5s) versus square-root-time characteristics of quartz
rock powder during post-cyclic consolidation (Test Series [Va).

Square root of time (v sec)

20 30 40 50 60

-0.5 - CSR= 0.12
L 1 ‘
% . 1.0 e e Fumax— 0.53
£ X \
3 -
S 215+
S % q
o 2
= £ 203 CSR= 0.12
25 ] |
B ; fomm= 0.83
@ 2.5 4 1
o 3
8.0 - T N
-3.5

The correspondence between post cyclic volumetric strain and maximum excess pore water
pressure ratio obtained from all the tests conducted on normally consolidated undisturbed
Fraser River silt specimens (i.e., Series Ib, Table 4.1) are presented in Figure 6.4. The value of
€v-ps Seems to gradually increase with increasing ry.max during cyclic loading up to an rymax
value of about 0.8; the observed post-cyclic volumetric strains were only in the order of ~0.5%
in the specimens that developed relatively small ry.max (<0.5). Beyond rymax levels of 0.8, €y
values increase rapidly where €,.ps can reach values anywhere between 1.5 to 5%. In general, it
can be said that those specimens that generated high maximum excess pore water pressure

ratios suffered significantly higher post-cyclic consolidation strains.
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Figure 6.4 Post-cyclic volumetric strain (€,.ps) versus maximum cyclic excess pore water
pressure ratio (ry.max) during cyclic loading for Fraser River Silt (Test Series Ib).
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These volume changes appear to be a reflection of significant changes in the particle fabric
associated with large shear strains experienced by the specimens under relatively low effective
stress conditions during previous cyclic loading. With this consideration in mind, the
correspondence between &y.,s and maximum shear strain (ymax) observed during cyclic loading
from Test Series I are examined in Figure 6.5. In general, high post-cyclic volumetric strains
are associated with high shear strain levels; there appears to be less opportunity to develop a

meaningful trendline for this &,.ps versus ymax plot in comparison to that noted in Figure 6.4 for

the €y.ps VEIsus Iy.max plot.
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Figure 6.5 Post-cyclic volumetric strain versus (€,-ps) versus maximum cyclic shear strain
(Ymax) during cyclic loading for Fraser River Silt (Test Series Ib).
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The values of €,.ps versus rymax derived from tests on specimens of overconsolidated Fraser
River silt from undisturbed samples (Test Series Ic), reconstituted Fraser River silt (Test Series
IIT), and reconstituted specimens of quartz rock powder (Test Series IV) were superimposed on
data in Figure 6.4 for normally consolidated Fraser River silt from undisturbed samples (Test
Series Ib); this combined data plot is given in Figure 6.6. The initially gradual, and then
rapidly increasing, trend of €,.,s with increasing ry.max noted for normally consolidated Fraser

River silt is also exhibited in the soils of Test Series Ic, 111, and IV.
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Figure 6.6 Post-cyclic volumetric strain (€,.5s) versus maximum cyclic excess pore water
pressure ratio (r,.max) during cyclic loading using data from all tested soils in this program
forming the proposed curve to estimate post cyclic volumetric strain based on maximum pore
water pressure during cyclic loading.
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Despite the increased scatter of data noted at larger ry.max in Figure 6.6, it can be observed that
the values of €,., seem to fall within a common and reasonably coherent trend with respect to
Tu-max, NOtwithstanding that these data points arise from specimens of Fraser River silt with
different overconsolidation history, particle fabric, initial void ratio, and quartz powder (which
is a different low plastic material). Clearly, the value of &,.,s seems to have a wide range when

Tu=max €Xceeds about 0.9 as indicated by the marked bounds for the trend line.

Specifically with respect to Test Series Ic, it is also of interest to note that there appears to be
no detectable effect of OCR on the trend observed between &,ps and rymax. It is difficult to
provide a direct reasoning for this insensitivity of &, (to OCR) simply based on
measurements made on the stresses and strains and or effective stress changes during cyclic

loading alone. However, a possible explanation for this may reside in the fact that the void
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ratio of the tested OC materials is still on the order of 0.8 or more; it may be possible that, with
such void ratios, the particulate structure/fabric still has ample “void space” to rearrange under
high strains and low effective stress conditions prevalent during cyclic loading even though the

material is in an OC state.

It would also be of use to compare post-cyclic consolidation strains reported above for Fraser
River silts with similar available data from sand. Data obtained from post-cyclic consolidation
of Fraser River sand initially subjected to cyclic loading (with initial relative density
Dy = 41%; e.= 0.81; initial vertical confining stress ¢’y = 100 kPa) using the UBC-DSS test
device as reported by Sriskandakumar (2004) are superimposed in Figure 6.6 for this purpose.
As may be noted, for a given rymax, the results from the tested Fraser River sand indicate
somewhat lower levels of &,.,s in comparison to those observed for Fraser River silts. If
recently proposed relationships for volumetric reconsolidation strains as a function of cyclic
stress ratio and normalized-clean-sand penetration resistance by Wu (2002) are considered,
volumetric reconsolidation strains can range between about 10% for very loose sand to 1% for
very dense sands. Therefore, the observed post-cyclic consolidation strains for silts from the
present study fall within the domain recommended by Wu (2002) for the sands. It is important
to recognize that Fraser River sand and Fraser River silt are two distinctly different materials
with different void ratio, particle size distribution, and particle fabric, etc.; as such, other than a
superficial comparison as per above, it is not possible to establish a fundamental linkage

between the anticipated €,.ps values for the two materials.
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6.1.2 An approach for estimation of post-cyclic volumetric strains

The above experimentally observed coherent correlation between €,.ps Versus rymax provided an
opportunity to propose a methodology to estimate the post-cyclic volumetric strains (&y-ps)
under general seismic loading conditions. The method would employ information from
laboratory tests as presented herein and ideas commonly used in seismic ground response
analysis and liquefaction assessment. The approach, in principle, has already been adopted as

a part of current practice by the geotechnical profession in the Greater Vancouver area of the

Province of British Columbia, Canada (GVLTF 2007).

The method relies on the following experimentally observed relationships: (i) in a given
element of soil, at a given initial effective consolidation stress level, the excess pore water
pressure development (or r,) is primarily dependent on the CSR and the number of applied load
cycles (e.g., Figure 4.18); and (ii) the post-cyclic volumetric strains (g,.ps) are exclusively
dependent on rymax (i.e., as derived from this study, Figure 6.6). With this premise, the
following step-wise approach would allow estimation of &,.,s during seismic loading: (1) assess
the anticipated cyclic stress ratio (CSR) for a given design earthquake. The CSR may be
obtained using the well-known “simplified method” as described by Idriss and Boulanger
(2008), or using a ground response analysis program such as SHAKE (Schnabel et al. 1972);
(i) estimate the number of equivalent load cycles (N¢q) of the above CSR considering the
design magnitude of the earthquake. For example, the equivalent number of cycles for a
design earthquake of magnitude M=7.0 is 10 for sands (as recommended by Youd et al.
(2001)), and it would be about 25 for clay-like soils as recommended by Idriss and Boulanger

(2008).; (iii) knowing the CSR value and N4, estimate the anticipated r, using the excess pore

126



water pressure development characteristics in Figure 4.18 (interpolation of laboratory data may
be required between tests conducted at different cyclic loading levels as shown in Figure 4.18);
(iv) knowing the r, value, estimate the expected range of post-cyclic volumetric strain (&y-ps)
using the trendline bounds shown in Figure 6.6. As per Figure 4.18, there appears to be a
threshold CSR of about 0.15 below which Fraser River silt will not generate large pore

pressures and hence will not experience large settlements (unlikely to exceed €,.ps~ 0.5%).

It is important to note that the above approach has been proposed based on data from a
relatively limited number of tests conducted mainly on low plastic Fraser River silt from a
specific location, consolidated to vertical effective stress level in the order of 100 kPa. The
approach does not specifically provide for the estimation of the excess pore water pressures
(i.e., ry-max) for a general silt material. As such, laboratory post-cyclic consolidation testing of
good quality soil samples may be considered to obtain site-specific excess pore water pressure
development characteristics. As noted earlier, it is recommended that the quality of the
samples be assessed using an approach such as that proposed by Lunne et al. (1999).
Alternatively, in the absence of material-specific data, pore pressure generation models that
have been shown to provide good estimates of cyclic pore pressure generation in silts (e.g.,

Green et al. 2000; Polito et al. 2008) may be considered for the estimation of 1y-max.

It is also important to exercise caution should this proposed approach be considered for
estimating post-cyclic consolidation strains (&,.ps) in other fine-grained soils and under different
stress levels. Additional research is needed to confirm the validity of the approach particularly
with respect to real-life field earthquake performance data and using the proposed methodology

for general practice situations.
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6.2 Summary and principal findings

The post-cyclic consolidation response of low-plastic silt was examined using constant volume
cyclic direct simple shear (DSS) testing followed by post-cyclic consolidation tests. The intent
was to evaluate the post-cyclic consolidation volume changes experienced by silt specimens
subjected to cyclic loading at different cyclic stress ratios (CSRs) and different values of cyclic
shear strain. The tests were mainly conducted using undisturbed (normally consolidated and
overconsolidated) and reconstituted specimens of low plastic natural Fraser River silt from the
Fraser River Delta of British Columbia, Canada. Some limited tests were also conducted on
reconstituted specimens of quartz rock powder, which essentially represented a non-plastic silt,

for comparison purposes.

Consolidation tests conducted on tests initially subjected to constant volume cyclic loading
indicate that post-cyclic volumetric strains (g,.5) increase with the maximum pore water
pressure generated during cyclic loading as well as with the maximum cyclic shear strain to
which the specimens were subjected during cyclic loading. The values of €,.s arising from the
specimens of Fraser River silt with different overconsolidation history, particle fabric, pre-
cyclic void ratio, as well as those arising from the quartz powder correlated well with the
maximum excess pore water pressure ration (fymax). The resulting €,.ps Versus rymax trend in
combination with the relationship of r, versus number of cycles and cyclic stress ratio (CSR)
seems to provide an opportunity to estimate €,.ps using experimental data. Considering that the
present data base is limited to Fraser River silt for one location, additional research to generate

laboratory data on other silty materials and to collect and synthesize field data from past
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earthquakes would be required to confirm the applicability of the above observations and

proposed approaches for general geotechnical engineering design.
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7 SUMMARY AND CONCLUSIONS

The constant-volume shear response of low-plastic, fine-grained natural silt (Fraser River silt)
was examined using data from constant volume monotonic and cyclic DSS tests. The intent
was to advance the present limited knowledge on the response of fine-grained natural soil
deposits subjected to earthquake-induced loading. The research was focused on understanding
the effects of the following factors on the monotonic and cyclic loading response of low plastic
Fraser River silt : initial vertical effective stress, initial static shear bias, and overconsolidation.
The work also included a comparison between responses of undisturbed and reconstituted
specimens under the same loading conditions and post-cyclic response. This chapter
summarizes the key contributions, and presents conclusions and recommendations originating

from the research.

For the purpose of clarity, this information is presented as separate sections for each of the
following areas of work: (i) Cyclic shear response of Fraser River silt; (ii) Cyclic shear
response of other fine-grained soils; (iii) Comparison of the response of undisturbed versus
reconstituted Fraser River silt; (iv) Post-cyclic reconsolidation response of low-plastic silt; and

(v) Recommendations for future research.
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7.1  Cyclic shear response of Fraser River silt

Liquefaction, in the form of strain softening, accompanied by loss of shear strength, was not
observed regardless of the applied cyclic stress ratio or the level of pore water generated during
cyclic loading. The observed behaviour suggests that Fraser River delta silt is unlikely to

experience flow failure as observed in loose saturated sand deposits subjected to cyclic loading.

Under constant volume cyclic DSS loading, Fraser River silt exhibited a cumulative decrease
in effective stress with the increasing number of load cycles (i.e., cyclic-mobility-type strain
development mechanism), similar to the observed behaviour of dense sands. In general, the
specimens initially exhibited a contractive response followed by a dilative response. Specimens
tested under more severe cyclic stress ratio levels manifested phase transformation at early
stages of cyclic loading, and reached a cyclic excess pore water pressure ratio (Au/c’y. = ry) of

approximately 100% in a fewer number of cycles than those subjected to low CSR values.

This type of behaviour was observed regardless of the initial confining stress, 6'y., initial static
shear stress bias (a), overconsolidation ratio (OCR), or applied CSR level. No strain softening
and/or loss of shear strength was observed in any of the tests that were conducted under
different values for the above variables. The cyclic resistance ratio (CRR) of normally
consolidated Fraser River silt was not sensitive to the initial 6"y, for the tested stress range of
85 kPa < 6’y < 400 kPa. The CRR of Fraser River silt was found to increase with increasing
(OCR), for OCR > 1.3. The test results also indicated that the cyclic resistance would decrease

with an increase in initial static shear stress bias (o).
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7.1.1 Cyclic shear response of other fine-grained soils

Observations on limited data available on other low plasticity fine-grained soils (i.e.
reconstituted quartz rock powder and Kitimat clay) also show a behavioural pattern generally
similar to that observed for low plastic Fraser River silt. For example, cumulative decrease in
effective stress with increasing numbers of load cycles without strain softening or loss of shear
strength were observed in both undisturbed and reconstituted specimens of these soils,. The
comparison of the trend-lines obtained for cyclic resistance ratio (CRR) versus number of
cycles for these materials revealed that the CRR of the materials seemed to generally increase

with increasing plasticity of the soil.

7.2  Comparison of the response of undisturbed versus reconstituted Fraser

River silt

Comparison of monotonic tests of undisturbed and reconstituted specimens of Fraser River silt
indicate that, for the initial vertical effective confining pressures ranging between 100 to
400 kPa, the volume change tendency exhibited by specimens of reconstituted low plastic
Fraser River silt is consistently more contractive than that exhibited by specimens of
counterpart undisturbed material. It is important to note this behaviour was prevalent despite
the fact that the undisturbed material was in a looser density under identical consolidation
stress conditions. This contractive response was also reflected in the stress-strain response, in
which the reconstituted specimens experienced a mild strain-softening response before

regaining the shear resistance whereas the stress-strain response of undisturbed specimen was
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essentially strain-hardening. Overall, the reconstituted specimens exhibited a generally weaker

stress-strain response in comparison to the undisturbed specimens.

The consolidation stress state in terms of void ratio (¢) and corresponding effective stress ('yc)
are commonly considered as suitable variables for representing the state of a soil. However,
the experimental observations presented herein, with respect to the e - log 6’y domain, suggest
that the reconstituted and undisturbed silt specimens exhibit significantly different
characteristics, despite their identical mineralogical origin and grain size. The observed
differences further confirm that the void ratio and vertical effective stress alone are not

sufficient for defining the mechanical response of this low plastic silt.

The comparison between undisturbed and reconstituted specimens of Fraser River silt under
cyclic loading conditions indicate that both undisturbed and reconstituted specimens show
cyclic mobility with gradual increase in pore water pressure and degradation of shear stiffness
with increasing number of cycles; however, the reconstituted specimens experience cyclic
excess pore water pressures and cyclic shear strains at a relatively faster rate. These
observations are in agreement with the responses observed in monotonic tests for undisturbed
and reconstituted specimens, that, in turn, emphasize that the influence of particle structure and

aging on the silt behaviour cannot necessarily be captured by the void ratio alone.

Similar observations were made on tests conducted on undisturbed and reconstituted specimens
of Kitimat clay, showing that all reconstituted specimens consistently required a lower number
of cycles to reach a certain shear strain level, and that the increase in shear strain and gradual

increase of the pore water pressure ratio occurred at a higher rate.
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7.3 Post-cyclic reconsolidation response of low-plastic silt

The results from reconsolidation tests conducted on specimens that were initially subjected to
constant volume cyclic loading indicate that post-cyclic reconsolidation volumetric strains
(&v-ps) Increase with the maximum pore water pressure generated during cyclic loading, as well
as with the maximum cyclic shear strain to which the specimens were subjected during cyclic
loading. The values of &,.,, arising from the specimens of Fraser River silt with different
overconsolidation history, particle fabric, and pre-cyclic void ratio, as well as those arising
from the quartz powder correlated well with the maximum excess pore water pressure ratio

(Tu-max)-

The resulting &,.5s Versus ry.max trend observed in the study in combination with the relationship
of r, versus number of cycles and CSR, provided an opportunity to develop a method to
estimate €,.ps using experimental data. The method would employ information from laboratory
tests, as presented in this thesis, and ideas commonly used in seismic ground response analysis
and liquefaction assessment. In principle, the approach has already been adopted as part of

current practice by the geotechnical profession in the Greater Vancouver area of the Province

of British Columbia, Canada (GVLTF 2007).

Considering that the present database is from limited tests of Fraser River silt, additional
research to generate laboratory data for other silty materials and for collecting and synthesizing
field data from past earthquakes would be required to confirm the applicability of the above

observations and proposed approaches for general geotechnical engineering design.
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7.4

Recommendations for future research

In addition to the research findings presented above, the investigation so far has also led to

identifying a number of additional tasks as given below that could be undertaken in the future

to enhance the current understanding of the response of fine-grained soils to cyclic shear

loading:

The findings presented in this thesis were mainly based on tests carried out on low
plastic Fraser River silts obtained from a specific location in the Fraser River delta. It
is recommended that additional work be undertaken to enhance the database,
specifically, by conducting cyclic DSS testing on samples representing silts with
relatively higher plasticity; these soils may be obtained from other locations in the
Fraser River delta (or other geographic areas of seismic activity). The work should
preferably include tests on fine-grained materials to cover different origins. The effects
of initial confining stress level, initial static shear bias, and overconsolidation ratio

should be evaluated to compare with the findings of this thesis.

Additional research work should be undertaken with the objective of correlating
laboratory observations with data from field testing (e.g., cone penetration testing), so
that the response of a given low plastic soil under cyclic loading can be confidently

predicted using data from field testing.

The evaluation of the post-cyclic reconsolidation response also can be extended to

obtaining data from different materials and origins. These additional data would

supplement the data in Figure 6.6 for evaluating €,.,s versus ry.max accompanied with
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pore water pressure generation (r, versus No. of cycles). These evaluations would

improve the understanding of the post-cyclic reconsolidation response of various silts.

There is a need to extend the study to understand the effect of fabric on the cyclic
response. For example, the differences in response obtained for tests conducted with
undisturbed and reconstituted specimens from a given material should be further

investigated, perhaps with the assistance of scanning electron microscopy.

Improvements to evaluation of the degree of sample disturbance should also form part

of future research on low plastic fine-grained soils.

The data from the present study was obtained from tests conducted using the direct
simple shear (DSS) device, which assumes “Ky” conditions. Developing a mechanism
to measure the lateral stresses on DSS specimens during testing would improve the

understanding of the response of soils to cyclic loading.

Pore water generation models in silty soils are useful in liquefaction assessments and
geotechnical design. The data generated from this study are useful for modeling the
generation of pore water pressure of silty soils, and the available laboratory data would

allow for model calibration.
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