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Abstract
The extraction and processing of mineral and metal ores in the mining industry comes
paired with large amounts of mine waste, also known as tailings. This waste consists of
various chemicals, acids, and heavy metals which are used during these extraction pro-
cesses. The tailings are usually stored off in tailings storage facilities (TSF) in a loose state,
gradually consolidating over time. TSFs founded in seismically active areas are suscepti-
ble to liquefaction due to earthquake loading. Historic data show that about 35% of dam
failures are due to liquefaction of the tailings, thus increasing the need to study the liq-
uefaction responses of tailings under cyclic loading. Extensive studies have already been
conducted using cyclic direct simple shear (DSS) and cyclic triaxial (CTX) tests as these tests
under constant-volume conditions can evaluate the change in pore pressure within a soil
accurately. Previous study shows what importance the relative density and sloping ground
conditions, known as drained shear bias, have on the cyclic resistance to liquefaction of the
tailings. However, in practice the pore water is not bounded within the material and excess
pore water can flow out through installed drains.
A round-robin program, issued by the University of Western Australia (UWA), requested
a study on the liquefaction response of a particular fine-sand tailings material. Inspired by
this round-robin program, an interest raised in studying the cyclic shear response of tail-
ings by using a direct shear box to investigate the cyclic behaviour under partially drained
conditions. With use of the direct-shear apparatus of Wille Geotechnik, a test program has
been set up to study the influences of relative density and drained shear bias under stress-
controlled cyclic shearing and under constant normal load conditions.
Results of the experiments met the expectations that denser soils have a 9.6% higher cyclic
resistance ratio (CRR), and samples with applied drained shear bias have a 32% lower CRR
compared to samples tested with level ground conditions. Furthermore, samples which un-
derwent post-cyclic shearing showed strain-hardening responses and yielded higher shear
stresses compared to the monotonic test, indicating that the constant normal load further
densified the samples during cyclic shearing. However, during the experiments, it was
quickly found out that the loading frequency was not being applied optimally making it not
possible to analyse influence of partially drained conditions . This study showed promise on
its capabilities to study cyclic shear loading on a soil. For future work, it is suggested to per-
form similar tests under a uniform loading frequency with the use of a shear box to evaluate
its capabilities to study on partially drained conditions. It is also recommended to conduct
tests under constant volume conditions, to evaluate the shear-box apparatus’ capabilities to
study the liquefaction response of a soil due to excess pore pressure generation.
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Chapter 1

Introduction

1.1 Background and motivation

The mining industry is a very important part of the economy, due to the high demand
of minerals and metals which are used to produce other industrial and consumer products.
However, extracting these metals from ores also produces a large amount of mine waste.
This has made waste disposal management a key focus of mining companies. During the
extraction processes, chemicals, acids, and heavy metals, among others, are used which get
mixed with the mineral processing waste (Seidalinova, 2014). The safe disposal of mine
waste necessitates careful consideration of a variety of physical, chemical, and environmen-
tal factors. The waste is produced in the form of fine-grained water-sediment slurry, also
known as tailings (Lottermoser, 2010). Most tailings are usually stored in so-called tailings
dams, as depicted in Figure 1.1 in a saturated, loose state, undergoing gradual consolida-
tion over time. Under these conditions, the tailings are susceptible to liquefaction due to
earthquakes undergoing shear deformations, especially in seismically active areas. Failure
of these dams can lead to catastrophic consequences, endangering the safety of residents
living downstream and the facilities. (Ke et al., 2019).

FIGURE 1.1: Construction types of tailings dams: a) Upstream method, b)
Downstream method, and c) Center line method.(Modified Figure from Lot-

termoser, 2010)

Some of the earliest recorded tailings dams failures are El Teniente copper mine (Chile) due
to an earthquake in 1928, an old dam at El Cobre copper mine (Chile) following an earth-
quake in 1965, and a tailings dam failure in Mochikoshi storage lagoon in Japan also due
to an earthquake which occurred in 1978 (Ishihara et al., 1980, Lottermoser, 2010). A more
recent tailings dam collapse was the 2019 Brumadinho iron mine in Brazil,which took the
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lives of 259 people along with major environmental impacts (Silva Rotta et al., 2020).
Looking at the causes of tailings dam failures between 1915 and 2016, an estimated 35%
of these failures is the cause of liquefaction, thus making liquefaction the main reason for
tailings dam failures (Ingabire, 2019). Liquefaction is defined as a phenomenon where sat-
urated soil loses its strength and stiffness due to degradation under monotonic or cyclic
loading (Khashila et al., 2021).

The increasing cases of tailings dams failures due to earthquakes raised the importance of
investigating the cyclic response of tailings under cyclic loading. This cyclic loading be-
haviour generate excess pore pressure and decreases the effective stress of the soil. Direct
simple shear (DSS) tests and cyclic triaxial (CTX) tests are the most commonly used labo-
ratory tests to mimic the seismic loading behaviour for liquefaction investigation(Khashila
et al., 2021). The DSS test can simulate a realistic plane strain condition that involves rota-
tion of principle stresses, while allowing the application of static shear to represent sloping
ground conditions. Furthermore, it is also capable of replicating ground conditions during
cyclic loading due to an earthquake (Konstadinou et al., 2020). The test allows cyclic varia-
tion of the shear stresses in addition to the simultaneous changes of the principle shear stress
direction, thus simulating the cyclic rotation of the principle stresses during seismic loading
(Wijewickreme et al., 2005). In a cyclic direct simple shear (CDSS) test, the soil sample is
subjected to an initial vertical effective stress. To mimic sloping ground conditions in the lab
tests, the samples are pre-sheared, also known as drained shear bias, prior to the cyclic test.
After the initial stress conditions are applied, the cyclic test is performed stress-controlled
under undrained and constant-volume conditions until the liquefaction criteria is reached
(Seidalinova, 2014, Wijewickreme et al., 2005, Sanin, 2010). In a CTX test, the soil sample is
first isotropically consolidated to a predetermined initial mean effective stress followed by
a deviatoric stress (Amini et al., 2000, Khashila et al., 2021).

However, there is limited research done on investigating the cyclic behaviour of tailings
using the direct shear test method. The direct shear test is mostly used to determine the
consolidated drained strength properties of a soil specimen, with a predetermined failure
plane, rather rapidly due to the short drainage paths through the samples, allowing excess
pore pressure to dissipate faster than other drained stress tests (ASTMD3080, 2011). In con-
trast, in a DSS test, the samples deforms with no predetermined failure plane. The shearing
behaviour of a specimen using DSS test and direct shear test is visually compared in Figure
1.2. Although, cyclic direct shear (CDS) tests have been performed by researchers, such as
Al-Douri et al., 1992 and Cabalar et al., 2013, these tests focused on investigating the strength
degradation of soils by the means of strain-controlled tests.

FIGURE 1.2: Difference in shearing of a sample in a direct simple shear appa-
ratus (A) and a direct shear apparatus (B), respectively.
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1.2 Objective and scope of the thesis

The objective of this thesis is to investigate the cyclic response of tailings in partially
drained conditions by using the Fully Automatic Electromechanical Direct-Residual Shear Ap-
paratus of Wille Geotechnik, in the Geo-engineering laboratory at TU Delft. Furthermore,
this thesis serves as part of a round robin program, issued by The University of Western
Australia (UWA) thus, the scope this thesis mainly includes the requirements of the test
program, which are:

• Performing cyclic direct shear tests on dense and loose prepared samples

• Assessing the cyclic shear behaviour of the samples under a certain drained shear bias

• Assessing the effect of the drained shear bias on the relationship of the cyclic resistance
ratio (CRR) and void ratio of the specimens

Based on these requirements and the limited research conducted on the study of liquefac-
tion using direct shear test, the following research question is identified: "How useful is the
cyclic direct shear test to study the liquefaction response of fine-sand tailings?"

To help answer this question the following sub questions are formulated:

1. What is the influence of relative density to reach liquefaction criteria under cyclic di-
rect shear loading?

2. How does the drained shear bias influence the cyclic shear response?

3. How does the fine sand tailings respond when subjected to post-cyclic loading?

1.3 Outline

The structure of the thesis is as follows:

Chapter 2 presents the literature review on cyclic and post-cyclic behaviour of soils and
the main factors influencing the cyclic resistance of soils.

Chapter 3 describes the material properties, test procedure, and the test program followed
for the laboratory tests.

Chapter 4 presents the results of the experimental tests.

In chapter 5, the discussions and conclusions of the results are explained along with the
answers to the research questions.

Finally, chapter 6 presents the recommendations for future research.
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Chapter 2

Literature Review

2.1 Monotonic Shear Loading Response

Mechanical responses of sands have been studied by many researchers throughout the
years, thus it can be confirmed that the shear stress strain response of sand is primarily
governed by relative density and effective confining stress (Verma, 2019). Loose sand sam-
ples contract during shearing and the displacement increases with increasing shear stress
until eventually an ultimate shear strength is reached. Whereas dense sand samples ini-
tially contracts, but dilate afterwards during shearing. First, a peak strength is reached, but
with further shearing, the shear resistance drops to the same level as the shear strength of
the loose sample. Both of these samples reaches a common steady state volume and it is
referred to as the critical void ratio (Casagrande, 1975). This phenomenon is depicted in
Figure 2.1.

FIGURE 2.1: Comparison of shear stress vs. displacement for loose and dense
sand. (Modified Figure from (Randolph et al., 2017))

2.2 Cyclic Shear Loading Response

The liquefaction triggering properties of cohesionless soils are often evaluated using
undrained or constant volume cyclic direct simple shear (CV-CDSS) tests (Ulmer et al., 2019).
Another method is constant vertical stress method, where the sample is saturated using
back-pressure saturation to de-air the samples (Ulmer et al., 2019). The constant vertical
stress method often requires more work due to the extra steps of back-pressure saturation
and is considered to be more time consuming due to the consolidation step. In contrast, the
CV-CDSS method does not require saturated samples or pore pressure measurement; the
change in vertical effective stress during cyclic loading is approximately equal to the change
in pore pressure that would develop in saturated conditions (Finn et al., 1977, Ulmer et al.,
2019). CV-CDSS method is widely used due to its simplicity, in addition to its results being
considered to be a more accurate representation to field conditions (Ulmer et al., 2019). The
principle stress rotation that occurs during the CDSS tests is comparable to the rotation of
principle stresses that take place during earthquake loading (Wijewickreme et al., 2005).
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2.2.1 Cyclic shear loading behaviour using direct simple shear (DSS) test

A typical response of CV-CDSS test is shown in Figure 2.2. Wijewickreme et al., 2005 con-
ducted a series of CDSS tests on fine-grained mine tailings and observed a cumulative de-
crease in effective stress with increasing number of cycles, along with progressive degra-
dation of shear stiffness of the samples under different cyclic stress ratios (CSR = τcyc/σ′vc).
This is referred as "cyclic mobility". Cyclic mobility is the response which exhibits gradual
increase in shear strains along with gradual build-up of excess pore water pressure with
increasing number of cycles (Seidalinova, 2014).
Various papers considers liquefaction to be triggered in a specimen, subjected to cyclic load-
ing, at 3.75% single-amplitude (SA) shear strain (γ), as it corresponds with achieving 100%
excess pore pressure ratio (Ingabire, 2019, Boulanger et al., 1995). In other words, liquefac-
tion is supposed to be triggered in the number of cycles it takes for the specimen to reach a
shear strain of 3.75%. An example of this is given in Figure 2.3 for laterite tailings specimens,
consolidated under the vertical effective stresses σ′vc = 100kPa and σ′vc = 200kPa.

Cyclic loading may reduce the bearing capacity of a soil and the bearing capacity under
cyclic loading may be lower than the capacity under monotonic loading (Andersen, 2009),
as shown in Figure 2.4. Andersen, 2009 argues that the reason why the cyclic capacity is
smaller than the monotonic capacity is that cyclic loading tends to break down the soil struc-
ture and cause volumetric reduction in the soil.

FIGURE 2.2: Typical response of CV-CDSS test on copper-gold tailings, per-
formed by Wijewickreme et al., 2005. a) shear strain development against the
number of cycles, b) excess pore-pressure accumulation against the number

of cycles, c) stress-strain response, and d) stress-path response.
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FIGURE 2.3: Relationship of the CSR and the number of cycles to reach γ =
3.75% of tailings samples under two different confining pressures (Wijewick-

reme et al., 2005).

FIGURE 2.4: Comparison of monotonic and cyclic loading response of clay
(Andersen, 2009).

2.2.2 Shear loading behaviour using cyclic direct shear (CDS) tests

Cyclic direct shear tests have been conducted to study the shear strength of soil under cyclic
conditions. Strain-controlled cyclic direct shear tests have been done by Cabalar et al., 2013
to primarily study the effects of shape of the grains.Their results, as displayed in Figure
2.5, show that the shear stress of the soil increases with increasing applied normal stresses.
For silica and calcareous sands, the normal stress, cyclic horizontal displacement, and void
ratio all influence the reduction in shear stress during cyclic loading, but particle size and
shape also play a role in calcareous sand (Al-Douri et al., 1992). Al-Douri et al., 1992 also
concluded that with increasing numbers of cycles, the shear stress reduces, but the rate of
change in shear stress also decreases. Furthermore, they concluded that with increasing
void ratio, the rate of shear stress reduction also slows down.
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FIGURE 2.5: Cyclic direct shear test response of Narli sand under different
normal stresses (Cabalar et al., 2013).

2.3 Post-cyclic Loading

Post-cyclic loading tests are used to determine the residual strength of a soil after cyclic
loading. This is done because after a soil has undergone cyclic loading, it may not have
enough strength to sustain an existing load (Ingabire, 2019). Wijewickreme et al., 2005, in-
dicates that constant-volume DSS test provides the best estimate of the post-cyclic strength,
because this test corresponds to the predominant mode of deformation in the field. Fig-
ure 2.6 gives the post-cyclic monotonic response of laterite tailings. Here Su − PC is the
post-cyclic maximum undrained shear strength. Wijewickreme et al., 2005 noted that with
increasing strain levels, the specimens showed a dilative behaviour with increasing shear
stiffness, until the shear stiffness drops to a plateau at large strains.
Figure 2.7 depicts the relation ship between the post-cyclic maximum shear strength ratio
and the consolidated void ratio, obtained from constant-volume monotonic DSS tests (Wi-
jewickreme et al., 2005). The shear strength ratio appears to increase with a decrease in the
void ratio. Sivathayalan, 1994 found that the resistance to liquefaction decreased with in-
creasing stress level, for a given void ratio. This effect of stress level increases with relative
density.
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FIGURE 2.6: Post-cyclic monotonic DSS test response of laterite tailings (Wi-
jewickreme et al., 2005).

FIGURE 2.7: Relationship between the post cyclic maximum shear strength
and the consolidation void ratio (Wijewickreme et al., 2005).

2.4 Cyclic Resistance Ratio (CRR)

The resistance of a soil under cyclic loading is expressed by the cyclic resistance ratio
(CRR), which is defined as the relationship between the CSR and the number of cycles re-
quired to reach liquefaction for that given CSR (Ulmer et al., 2019, Ingabire, 2019). This
number of cycles achieved in the laboratory tests corresponds with the equivalent uniform
number of cycles which represents an earthquake with a moment magnitude of M = 7.5.
This magnitude is represented with 15 cyclic loading in sands (Sanin, 2010). CRR denotes
the capacity of a soil to resist liquefaction. If the CSR caused by an earthquake is higher
than the CRR of in-situ soil, then liquefaction could occur during an earthquake (Seidali-
nova, 2014). Sanin, 2005, Wijewickreme et al., 2005 observed that under high CSR values,
the specimens reached an excess pore pressure ratio of 100% or the liquefaction criteria in
less number of cycles, than those subjected to lower CSR. Sanin, 2010 noted that the cyclic
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resistance in sands generally increase with increasing density for a given relative density,
and the cyclic resistance decreases with increasing confining stress.

Ingabire, 2019 indicates that CRR and the number of cycles to liquefaction can be plotted.
The curve of this relationship can be plotted as a semi-logarithmic plot and can be expressed
with Equation 2.1.

CRR = a
(

Nγ=3.75%
)−b (2.1)

where b is the negative slope of the log-log relationship of CSR and the number of cycles to
liquefaction (Nγ=3.75%). A depiction of this relationship is shown in Figure 2.8 (Ulmer et al.,
2019). As seen in this Figure, a higher relative density (Dr) specimen exhibits a higher cyclic
resistance ratio as the number of cycles required to reach liquefaction increases. Additon-
ally, Nγ=3.75% decreases with increasing CSR values. The CRR that triggers liquefaction at
15 cycles can also be directly estimated from this relationship.

FIGURE 2.8: Cyclic resistance ratio (CRR) defined as single-amplitude shear
strain γ =3.75%, withσvc = 100kPa (Ulmer et al., 2019).

Verma et al., 2015 found the CRR to be decreasing with increasing initial static shear bias as
shown in Figure 2.9.
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FIGURE 2.9: Effect of the initial static shear bias on the cyclic resistance ratio
(CRR)(Verma et al., 2015).

2.5 Drained shear stress bias

The application of initial static shear stress (τff) prior to cyclic loading influences the
shear resistance. This shear stress is applied to mimic sloping ground conditions in the field
or a horizontal ground loaded by a structure (Ingabire, 2019. The ratio between the static
shear stress and the vertical effective stress is denoted with α and is expressed as

α = τα/σ′vc (2.2)

This ratio is also known as initial static shear stress bias (Sanin, 2010) or pre-shear stress.

Verma et al., 2015 performed CV-CDSS tests under constant CSR values and varying α val-
ues, under a cyclic shear load frequency of 0.1 Hz. Their results showed that excess pore
pressure and accumulation of shear strain increased with the initial static shear stress bias.
Under cyclic loading, reconstituted silt specimens exhibited and increase in shear stiffness
degradation with increasing loading cycles (Sanin, 2010).

2.6 Research Gap

As discussed in this chapter, many studies have been conducted to analyse the behaviour
of sands and silts under seismic loading to induce liquefaction under undrained conditions.
In this manner, the corresponding responses of the material in terms of cyclic shear stress
and strain, and void ratio have been analysed. These tests are mainly performed using CDSS
tests as these these tests are capable of measuring excess pore pressure within a sample.
However, the use of direct shear test to study the liquefaction behaviour is not used as this
type of test is incapable of measuring pore water pressures. The Geo-engineering lab has re-
cently acquired a state of the art direct shear apparatus, manufactured by de Wille Geotech-
nik, capable of conducting cyclic direct shear test under various frequencies. The aim of this
thesis is thus exploring the capabilities of this apparatus to perform stress-controlled cyclic
direct shear tests to study the liquefaction response of fine-sand tailings under partially
drained conditions. By performing the cyclic direct shear tests under constant vertical stress
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and a certain frequency, the aim is to simulate these partially drained conditions. Thus, a
series of laboratory tests will be performed to study the liquefaction response of the tailings
under various initial void ratio’s and relative density.
Following the literature review, the research gap and the round-robin program, the main
research question of this thesis is formulated as follows:

"How useful is the cyclic direct shear test to study the liquefaction response of fine-sand
tailings?"

To help answer this question the following sub questions are formulated:

1. What is the influence of relative density to reach liquefaction criteria of γ = 3.75%
under cyclic direct shear loading?

As evident from the literature review, the influence of relative density effects the cyclic
resistance ratio the soils. However, these tests are conducted using direct simple shear
under undrained conditions. There is limited data on the influences of relative density
in a cyclic direct shear test which can also simulate partially drained conditions.

2. How does the drained shear bias influence the cyclic shear response in cyclic direct
shear tests and how does it compare between dense and loose samples?

The application of the drained shear bias helps study liquefaction of soils under slop-
ing ground conditions. By performing tests where the drained shear bias is applied
and where level ground conditions is assumed (no shear bias application), the effect
on the cyclic shear response can be investigated in a partially drained environment.

3. How does the fine sand tailings respond when subjected to post-cyclic loading?

Post-cyclic shear tests in the literature have been mainly performed on tests which un-
derwent cyclic shearing under constant-volume conditions. By performing post-cyclic
shear tests, the influence of CSR and the constant stress conditions can be investigated
and the residual shear strength can be determined.
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Chapter 3

Methodology

3.1 Material properties

The fine-sand that is used in the experiments, originate from mine tailings and have been
acquired from the University of Western Australia. Relevant laboratory tests are conducted
to determine the necessary material properties. The specific gravity (Gs) is determined fol-
lowing the ASTMD555014, 2014 standard, and the minimum void ratio (emin) and the max-
imum void ratio (emax) are determined according to ASTMD4254, 2016 and ASTMD4253,
2016, respectively. The properties of the material are summarised in 3.1. The grain size dis-
tribution of the material is not determined in the laboratory as this property was provided
for by the supplier. The as received water content is determined to be 6.2%.

TABLE 3.1: Fine-sand tailings properties.

Material property Standard
emax 1.53 ASTM D4253
emin 0.54 ASTM D4254
Gs 2.82 ASTM D5550

Grain size
55%<75um
39%<38um
6%>75um

Acquired

water content 6.2%

3.2 Sample Preparation Procedure

The samples are prepared using the Moist Tamping (MT) technique, using the under-
compaction method, as proposed by Ladd et al., 1978. The MT technique incorporates a
tamping method, where the specimen is assembled in layers. Under-compaction refers to
the fact that each layer is compacted to a lower relative density than the target relative den-
sity. The difference between these densities is defined as percent under-compaction(Un).
The Un value should vary linearly from the bottom to the top layer, with the bottom layer
having the largest Un value and the top layer is typically zero. The goal of this method is
to make a sample with a relatively uniform void ratio throughout the specimen’s height. A
multi-layer (ML) method is developed by Jiang et al., 2003 based on the under-compaction
principle of Ladd et al., 1978. The required height of the sub layers using the ML method is
determined through Equation 3.1:

hn =
ht

nt
· n (3.1)

where, ht is the final height of the sample, nt is the total number of layers, n is the nth layer,
and hn is the height of the nth sample.
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The samples are prepared following the ML method in equal weight and equal height.
To start the sample preparation, first the dimensions of the mould is measured. The tests are
conducted with a square shear box, with a side of 100 mm. The shear box and the rest of its
parts are shown in Figure 3.1.

FIGURE 3.1: The shear box components. 1. Extension placed on the top of the
shear box for the sample preparation, 2. Tamper tool , 3. Screws to secure the
top platen on the top of the shear box, 4. Pins to screw the upper and lower
halves of the shear box, 5. Handles of the shear box, 6. Top half of the shear

box, 7. Bottom half of the shear box, 8. Porous stone, 9. Caliper.

The shear box is assembled by first screwing the top and bottom halves with the pins
and placing the porous and the bottom of the shear box. The handles are tightened at either
side of the shear box for easier lifting and moving the assembly. To prepare the sample,
the material should be mixed with water to achieve a specimen with known water content.
Ladd et al., 1978, Frost et al., 2003, and Amini et al., 2000 deemed a water content of 5-7%
sufficient for the sand sample preparation. Hence the samples for this study are prepared
using the as received water content of the material. The tests are performed on dense and
loose prepared samples. The dense samples are prepared and initial target relative density
of 65% and the loose samples are prepared with an initial target relative density of 20%. The
values for the relative density is determined based on the available tailings material and the
number of tests aimed to be performed. The required dry weight (Md) and the total weight
(Mt) for each sample is given in Table 3.2. The target void ratio (e0) for the dense and loose
samples are 0.89 and 1.33, respectively.

The dense samples are prepared in five layers of equal weight and height using the ML
method. The loose samples are prepared in seven layers of equal weight and equal height.
A sketch of these layered samples is shown in Figure 3.2. The moist weight required for
each layer is determined by Equation 3.2

WL = WT/nt (3.2)
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TABLE 3.2: Sample weights.

Dr e0 Vs [cm3] Md [gr]
water content
(6.2%) [gr]

Mt [gr]

65% 0.89 105.82 298.4 18.50 316.90
20% 1.33 85.76 241.85 15.0 256.85

where WT is the total wet weight and nt the total number of layers.

FIGURE 3.2: Multi-layered sample preparation sketch of A. dense samples,
and B. loose samples.

Each layer is sequentially placed into the shear box. Starting from the first layer, the re-
quired amount is weighed and carefully spooned into the shear box and lightly tapped until
the desired height of the layer is reached. The top of this layer is then scarified before the
next layer is placed to ensure a more uniform connection between each layer (Salamatpoor
et al., 2014). This process is repeated until all the layers are placed. The procedure further
depicted in Appendix A.

The void ratio of each layer can also be determined through Equation 3.3, as suggested
by Jiang et al., 2003.

en = ē + (ē + 1)
Un

100 · n
(3.3)

where ē is the desired void ratio of the whole specimen.

3.3 Laboratory testing procedure

Stress-controlled cyclic direct shear (SC-CDS) tests will be carried out in a 10 cm x 10 cm
shear box on the direct shear loading apparatus, manufactured Wille Geotechnik, shown in
Figure 3.3. The specimens will be prepared using the MT method. The shear box apparatus
is controlled using the GEOsys Creator software.

After the software is initialised, the shear box is securely placed in the chamber. The cham-
ber is then filled with water to create a water bath around the shear box and submerge the
sample within. After visually observing that the sample is saturated, the top platen, attached
to the load piston, is lowered just before that top platen makes contact with the sample. The
contact with the sample is established using a different shear test license. A contact stress
of 1 kPa is applied using this license to ensure that there is no gap between the top platen
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and the sample. A small contact stress is chosen to minimise major settlements in the sam-
ple. After the contact stress is established, the license is switched to the stress-control license
program from where the consolidation stage is initiated. The test run parameters for the
SCCDS test are shown in Figure 3.4.

FIGURE 3.3: Direct shear loading system. 1. Loading frame, 2. load cell, 3.
vertical displacement transducer, 4. loading piston. 5. top platen, 6. shear box

chamber, 7. drainage outlet, 8. horizontal displacement transducer.

FIGURE 3.4: Consolidation and shearing input parameters for the SCCDS
tests.

3.3.1 Consolidation phase

The next stage in the testing procedure is the consolidation stage of the sample. A vertical
effective stress of 200 kPa is applied at a loading rate of 5 kPa/min for the dense samples
and 0.5 kPa/min for the loose samples. A lower loading rate is applied to the loose samples
to minimise any rapid settlements from occurring due to their higher void ratio. After the
vertical effective stress is established, the samples are kept under this stress for 3 hours. This
gives the samples sufficient time to consolidate and attain unchanging vertical deformation.
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3.3.2 Drained static shear bias application phase

After the end of the consolidation waiting time, the sample subjected to a drained shear
bias (τα) of 30 kPa, which is applied at a shear loading rate of 0.1 kPa/min. A low rate of
loading is chosen to make sure that excess pore water pressure are quickly dissipated. After
the drained shear bias is applied, a waiting time of 1 hour is set to ensure that any excess pore
water pressure has sufficient time to dissipate and that the horizontal and vertical strains can
stabilize.

3.3.3 Cyclic shear loading phase

After the waiting time of the previous phase, the cyclic direct shear test is automatically
started. Stress-controlled cyclic shear load is applied in the form of a sinusoidal wave with
a frequency of 0.1 Hz and a fixed shear amplitude. The test will conclude when the maxi-
mum horizontal shear displacement is reached or when the set number of cycles (given as
"Number of loading steps" in Figure 3.4) is reached.

3.3.4 Post-cyclic shear test phase

After the cyclic shear test, a post-cyclic shear test is performed on the samples to assess
any residual shear strength in the samples. For this test the samples are reconsolidated to the
initial consolidation stress of 200 kPa. The tests start with the shear box in its neutral position
(zero shear displacement) under strain-controlled and constant vertical load conditions. The
test is concluded when the set shear displacement is reached.

3.4 Test program

The SC-CDS test is split into three test programs with varying conditions. A summary
of the test program is presented in Table 3.3. These three test programs have been issued
by UWA for the round robin. Program A consists of a set of six tests performed on loose
samples (Dr = 20%, e = 1.33) with τα of 30 kPa and varying CSR values. Program B consists
of a set of six tests performed on dense samples (Dr = 65%, e = 0.89) and τα of 30 kPa.
The samples from Program C are similar to the samples of Program A, consisting of a set of
five loose samples. The only difference is that no τα is applied on these samples prior to
the cyclic shearing phase. The proposed CSR values in the table is decided by the author
by performing the cyclic direct shear tests with various CSR’s. Tests with the best responses
have then been selected for each program. A sketch of these test procedures is depicted in
Figure 3.5. Two monotonic tests are additionally performed on dense samples under strain-
controlled conditions to determine the strength parameters of the fine-sand tailings.
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FIGURE 3.5: (A) Sketch of the cyclic direct shear test procedure for programs
A and B with applied drained shear bias. (B) depicts the sketch of the test

procedure of program C.

3.5 Test limitations

The aim of this thesis is to investigate to what extent a shear box can be used to study the
cyclic response of fine-sand tailings. However, to test the tailings for its liquefaction criteria
comes with some limiting factors that should be taken into account.

• It is not possible to measure any excess pore water pressure generation in the shear
box test

• The liquefaction criteria is only known in terms of shear strain (γ), which is expressed
as horizontal deformation over initial sample height. As the SC-CDS test only records
the horizontal displacement and no horizontal deformation, it is not possible to accu-
rately determine the shear strain.

Finally, the direct shear loading apparatus is optimised for strain-controlled testing, there-
fore the stress-controlled testing license comes with some drawbacks. The cyclic frequency
input is not fully utilised during the tests, mainly when cycle reaches close to the target
shear amplitude, the loading rate appears to slows down drastically, resulting in a longer
cycle time than intended.
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Chapter 4

Results

The main objective of this thesis is to investigate how useful Stress-controlled cyclic di-
rect shear test can be to study the liquefaction behaviour of fine-sand tailings. In chapter 3,
the methodology and the test procedure are explained. Following this procedure, three test
programs are made. The test results of these programs are presented in this chapter, where
each test phase is separately looked at. Furthermore, post-cyclic shear tests are performed
on some test samples to determine their post-cyclic shear stress.

4.1 Monotonic testing

The main purpose of the monotonic tests was to determine the friction angle (φ’) and the
cohesion (c′) of the tailings. Two tests were performed on dense samples with initial relative
density of 65% and were consolidated at vertical effective stresses of 100 kPa and 200 kPa.
Both tests were performed strain-controlled under constant normal load conditions. The
samples were sheared with a displacement rate of 0.1 mm/min until a maximum shear
displacement of 10 mm was reached. The results of the monotonic tests are depicted in
Figure 4.1. Figure 4.2 depicts the range of volume change behaviour from dilation (negative
vertical displacement) to contraction (positive vertical displacement). It is observed that
the samples dilated at the start of shearing and then contracted until the end of the test.
The maximum shear stress, τmax, reached by both tests were plotted against their respective
vertical effective stress, σv, to form the Mohr-Coulomb (MC) failure line, as shown in Figure
4.3. From this failure line, the strength parameters of the fine-sand tailings is determined.
The friction angle, φ′, is calculated to be 33.8◦ and the cohesion, c′, is found to be 0 kPa.



22 Chapter 4. Results

FIGURE 4.1: Mohr-
Coulomb failure line
of the monotonic

shear tests.

FIGURE 4.2: Vertical dis-
placement versus shear

displacement.

FIGURE 4.3: Mohr-Coulomb failure line of the monotonic shear tests.

4.2 Cyclic direct shear response of fine-sand tailings

This section presents the cyclic shear responses of the three test programs. First, the
results of the consolidation stage is analysed followed by the shear response during the
drained shear bias application. After that, the cyclic shear responses are illustrated, and
lastly, the results of the post-cyclic shear tests are shown.

4.2.1 Consolidation stage

In Figure 4.4, the change in void ratio (e) during the consolidation phase is shown of the
loose samples tested in program A. The behaviour of these loose samples during the consol-
idation stage is more or less the same, except for sample LSRD-200-A2, which appears to be
consolidating much faster compared to the other tests, despite having the same loading rate.
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A possible reason for this could lie in some variations which might have occurred during
the sample preparation process when the samples are compacted in layers. Another reason
can be that there were some air bubbles still present after saturating the sample, which can
escape during consolidation and thus compressing the sample much faster compared to the
other samples.

Figure 4.5 depicts the change in void ratio of the tests conducted in program B. The tests
in this program exhibit similar behaviour during the consolidation stage. A similar con-
solidation response as LSRD-200-A2 is observed in test DSRD-200-B5, where this sample
consolidates faster than the others. The same argument mentioned for LSRD-200-A2 can be
made here.

Figure 4.6 depicts the consolidation stage of program C. All samples in this program
reached similar end of consolidation void ratio, and the trend observed in the Figure is also
identical to each other.

FIGURE 4.4: Change in
void ratio of loose sam-
ples from program A at

the consolidation stage.

FIGURE 4.5: Change in
void ratio of dense sam-
ples from program B at the

consolidation stage.
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FIGURE 4.6: Change in void ratio of loose samples from program C at the
consolidation stage.

A tabulated overview of the consolidation stage is given in Table 4.1. From this table it is
observed that the consolidated void ratio within each program lie fairly close to each other,
with the largest variations observed in program A.

TABLE 4.1: Change in void ratio (e) and relative density (Dr) at the end of
consolidation stage.

Test# Test ID ei [-] Dr [%] ec [-] Drc [%] emean Standard Error (SE)
Program A 1 LSRD-200-A1

1.33 20

0.78 75.8

0.75 0.055
Loose samples

2 LSRD-200-A2 0.69 84.8
3 LSRD-200-A3 0.58 96.0
4 LSRD-200-A4 0.72 81.8
5 LSRD-200-A5 0.75 78.8
6 LSRD-200-A6 0.99 54.5

Program B 1 DSRD-200-B1

0.89 65

0.53 101.0

0.56 0.016
Dense samples

2 DSRD-200-B2 0.53 101.0
3 DSRD-200-B3 0.59 94.9
4 DSRD-200-B4 0.6 93.9
5 DSRD-200-B5 0.5 104.0
6 DSRD-200-B6 0.58 96.0

Program C 1 LSR-200-C1

1.33 20

0.79 74.7

0.82 0.018
Loose samples

2 LSR-200-C2 0.82 71.7
3 LSR-200-C3 0.89 64.6
4 LSR-200-C4 0.81 72.7
5 LSR-200-C5 0.8 73.7

4.2.2 Drained shear bias

The drained shear bias (τα) is a pre-shear stress applied after the consolidation stage
and before the start of the cyclic stage. This stress is applied to simulate sloping ground
conditions in shear tests. A shear bias (α) of 0.15 is used which is equivalent to 30 kPa shear
stress. This stage is only applied to the tests in program A and program B. The responses of
this stage are presented in Figure 4.7 for program A and in Figure 4.9 for program B. When
comparing the shear responses, it is apparent that the loose samples of program A reached
a larger shear displacement than the dense samples from program B. The volume changes
observed in Figure 4.8 appears to follow the expected response of contraction ( positive
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vertical displacement), whereas Figure 4.10, depicting the volume changes of program B,
show small amounts of dilation, followed by significant contractive behaviour. However,
this dilation is too small and can occur by the fluctuation of the shear displacement due to
stress-controlled shearing. The samples from program A also appear to contract more than
those of program B.

FIGURE 4.7: Drained
shear bias response of

program A.

FIGURE 4.8: Vertical dis-
placement vs. horizontal
displacement of program

A.

FIGURE 4.9: Drained
shear bias response of

program B.

FIGURE 4.10: Vertical dis-
placement vs. horizontal
displacement of program

B.

4.2.3 Cyclic direct shear response

A full overview of the cyclic shear responses is given in Table 4.2. As evident from the
table, some tests reached the liquefaction criteria of 3.75% shear strain in the same number
of cycles (Nγ=3.75%). Hence, only tests with differing Nγ=3.75% will be further analysed. The
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TABLE 4.2: Overview of the cyclic shear responses.

Test# Test ID CSR τcyc/σ′vc τcyc [kPa] Nγ=3.75% γmax [%]
Program A 1 LSRD-200-A1 0.125 25 >200 2.93

Loose samples

2 LSRD-200-A2 0.135 27 36 4.09
3 LSRD-200-A3 0.15 30 4 5.05
4 LSRD-200-A4 0.16 32 4 5.26
5 LSRD-200-A5 0.175 35 4 5.08
6 LSRD-200-A6 0.2 40 1 5.44

Program B 1 DSRD-200-B1 0.15 30 47 4.11

Dense samples

2 DSRD-200-B2 0.16 32 19 4.77
3 DSRD-200-B3 0.175 35 15 4.71
4 DSRD-200-B4 0.185 37 1 6.11
5 DSRD-200-B5 0.2 40 1 5.28
6 DSRD-200-B6 0.225 45 1 6.82

Program C 1 LSR-200-C1 0.2 40 >200 2.46

Loose samples

2 LSR-200-C2 0.21 42 >200 3.5
3 LSR-200-C3 0.215 43 >200 3.45
4 LSR-200-C4 0.225 45 8 4.05
5 LSR-200-C5 0.25 50 1 3.9

remaining test results can be found in Appendix B. The number of cycles is determined by
dividing the total test time by the time it took for the first cycle to complete.

Test results of SCCDS test response of program A

The samples in program A were prepared with a target Dr of 20% and the tests were per-
formed with τα of 30 kPa. Figure 4.11 shows the cyclic shear response of test LSRD-200-A1
with a cyclic shear amplitude (τcyc) of 25 kPa. It is observed that even after 200 cycles the
test did not reach the liquefaction criteria of γ = 3.75% and only reaching a maximum shear
strain of 2.93%. Figure 4.11(a) shows the shear strain curve development against the cyclic
shear stress, starting at τα = 30 kPa, and consistently varying between τα + τcyc and τα - τcyc .
Figure 4.11(b) depicts the vertical stress response during the cyclic test. A closer look at the
data showed that the vertical stress decreased with an average of 4 kPa each time towards
the shear direction τα + τcyc and regained its vertical stress in the opposite shear direction.
Figure 4.11(c) shows the total shear strain development with increasing number of cycles. It
is also observed that the cycles are getting closer to each other as time progresses, indicating
that the time needed to complete a full cycle becomes less. The blue dotted line in this fig-
ure shows an increase in the minimum strain value, indicating the presence of plastic shear
strain development. Figure 4.11(d) shows the consistent variation of the cyclic shear stress
through time as recorded by the GEOsys creator software. Furthermore, Figures 4.11(a) and
4.11(d) showed consistent behaviour for all the tests performed and is therefore excluded
from the remaining test results.
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FIGURE 4.11: Test ID: LSRD-200-A1. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 25 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.

Increasing the shear amplitude by 2 kPa (τcyc = 27 kPa) for test LSRD-200-A2, the test reached
Nγ=3.75% in significantly less number of cycles, as seen in Figure 4.12(a). Test LSRD-200-A3
through A5 have all reached Nγ=3.75% within 4 cycles, as seen in Table 4.2. For further anal-
ysis of program A, test LSRD-200-A4 is chosen out of these three tests, the result of which is
shown in Figure 4.13. Figure 4.14 shows that τcyc of 40 kPa is high enough to reach Nγ=3.75%
within 1 cycle. Similar to Figure 4.11, all the tests in program A exhibited plastic shear strain
development, denoted by the blue trend line.

Figures 4.12(b), 4.13(b) & 4.14(b) show the vertical stress responses of these tests. For all
tests the average vertical stress remained around 200 kPa, with a slight decrease in τα + τcyc
direction. The vertical stress fluctuated in all the tests varied between 193-202 kPa.
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FIGURE 4.12: Test ID: LSRD-200-A2. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 27 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress response against cyclic shear stress.

FIGURE 4.13: Test ID: LSRD-200-A4. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 32 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress behaviour against cyclic shear stress.

FIGURE 4.14: Test ID: LSRD-200-A6. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 40 kPa. a. shear strain development wrt. to

number of cycles, b. Vertical stress behaviour against cyclic shear stress.

The relationship of the vertical -and shear displacement is shown in Figure 4.15. The
vertical displacement indicates the change in height during the cyclic test, where a positive
value indicates the sample is contracting. It is evident from this figure that during the initial
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cycles the sample undergoes large amounts of contraction then gradually decreases. It can
also be noted that the application of higher τcyc resulted in higher vertical displacement at
the beginning. This is clearly seen in the response for LSRD-200-A6 where the test was
performed with fewer cycles but undergoing the largest vertical displacement.

FIGURE 4.15: Response of the vertical extension with respect to the shear ex-
tension of the discussed tests.

Test results of SCCDS test response of program B

Program B consists of tests performed on dense (Dr = 65%) samples and τα of 30 kPa.
These samples required a slightly higher τcyc to reach Nγ=3.75%, compared to program A.
Figures 4.16(a), 4.17(a), 4.18(a) & 4.19(a) presents the shear strain response against the num-
ber of cycles. It shows the expected result that higher τcyc implementation required less
cycles to reach Nγ=3.75%. Compared to the loose samples, the dense samples needed a lower
τcyc to reach Nγ=3.75% in 1 cycle. Similar to program A, the samples in Program B also exhibit
plastic strain development in the cyclic stage, as illustrated with the blue dotted line in the
figures.

Figures 4.16(b), 4.17(b), 4.18(b) & 4.19(b) depicts the vertical stress responses of these tests.
It is noticed that similar to program A, the vertical stress for the dense samples also fluctu-
ated during the cyclic stage. Also noticeable is that for test DSRD-200-B1 the stress decrease
occurred the most in the τα - τcyc direction. The the vertical stress fluctuated within a range
of 192-202 kPa for the tests on the dense samples, which is similar to the response observed
for the loose samples.
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FIGURE 4.16: Test ID: DSRD-200-B1. SCCDS test performed on a dense sam-
ple using a cyclic shear amplitude of 30 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress response against cyclic shear stress.

FIGURE 4.17: Test ID: DSRD-200-B2. SCCDS test performed on a dense sam-
ple using a cyclic shear amplitude of 32 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress response against cyclic shear stress.

FIGURE 4.18: Test ID: DSRD-200-B3. SCCDS test performed on a dense sam-
ple using a cyclic shear amplitude of 35 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress response against cyclic shear stress.
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FIGURE 4.19: Test ID: DSRD-200-B4. SCCDS test performed on a dense sam-
ple using a cyclic shear amplitude of 37 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress response against cyclic shear stress.

Figure 4.20 depicts the change in vertical displacement against the shear displacement.
The dense samples show a higher degree of contraction as opposed to the loose samples
from program A.

FIGURE 4.20: Response of the vertical extension with respect to the shear ex-
tension of the discussed tests.

Test results of SCCDS test response of program C

The tests in program C were performed on loose (Dr = 20%) samples with no drained
shear bias application, thus starting the cyclic shearing from the ’zero strain’ position of the
shear box. For these tests a much higher τcyc was needed to achieve Nγ=3.75%. Table 4.2
shows that τcyc of 40 kPa through 43 kPa for tests LSR-200-C1, C2 & C3, respectively did not
reach Nγ=3.75% even after the maximum allowed cycles by the direct shear apparatus. A part
of the shear strain response of LSR-200-C1 is extracted to show the response of this sample
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in Figure 4.21(a). Increasing τcyc to 45 kPa for test LSR-200-C4 showed that Nγ=3.75% was
reached in 8 cycles, as shown in Figure 4.22(a) and for τcyc of 50 kPa, applied on test LSR-
200-C5, within one cycle as depicted in Figure 4.23(a). Furthermore, the tests developed far
less plastic strains, compared to the previous test programs. Test LSR-200-C1 developed a
total of 0.21% plastic strain during the whole cyclic stage. In LSR-200-C4 a change of 0.82%
strain in 8 cycles is observed, whereas LSR-200-C5 developed 0.5% strain in just 3 cycles.
This indicates that with the application of higher shear amplitudes on the samples of pro-
gram C, larger plastic strains are developed in lower number of cycles It is also interesting
to note that the vertical stress fluctuations of these tests are also much higher, as seen in Fig-
ures 4.21(b), 4.22(b) & 4.23(b). Additionally, the vertical stresses tended to decrease in +τcyc
direction, similar to programs A and C.

Figure 4.24 shows the relationship of the shear- and vertical displacements for the tests dis-
cussed here. A higher vertical extension is observed for these tests compared to programs
A, which also consisted of loose samples.

FIGURE 4.21: Test ID: LSR-200-C1. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 40 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress response against cyclic shear stress.

FIGURE 4.22: Test ID: LSR-200-C4. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 45 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress response against cyclic shear stress.
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FIGURE 4.23: Test ID: LSR-200-C5. SCCDS test performed on a dense sample
using a cyclic shear amplitude of 50 kPa. a. shear strain development wrt.

number of cycles, b. Vertical stress response against cyclic shear stress.

FIGURE 4.24: Response of the vertical extension with respect to the shear ex-
tension of the discussed tests.

4.3 Post-cyclic test results

After the cyclic stage, some samples were subjected to a strain-controlled monotonic
shear test, under consolidated drained conditions, to determine the residual shear stress
within the sample. The shear box was moved back to its neutral position (zero shear dis-
placement) and the samples were reconsolidated back to 200 kPa. Table 4.3 presents the
results of the post-cyclic test performed on some samples from program A and program B.
The maximum shear displacement was set to 5 mm for both programs. Figure 4.25 shows
the post-cyclic shear response of the samples from program A and exhibits no shear failure
in the post-cyclic stage. Figure 4.27 shows the response of the samples from program B. It is
observed that the dense samples have also not reached shear failure. The shear stress in both
test programs show that a plateau is first reached around 50 kPa, before increasing further.
This plateau is in the same range of the maximum shear amplitudes during the cyclic stage
of the samples. This can be explained due to the fact that the shear box was moved to the
zero shear displacement position prior to post-cyclic shearing. The volume changes during
the post-cyclic stage is presented in Figure 4.26 for program A. Responses of program A
show high contraction values after a slight dilative response at approximately 1.5 mm shear
displacement. Interestingly, at this same position in Figure 4.25, the shear stresses increased
further after the aforementioned plateau. On the other hand, the dense samples exhibited
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the traditional contraction to dilation response until 2 mm shear displacement, as depicted
in Figure 4.28. However, after further shearing the samples started to contract again.

TABLE 4.3: Post-cyclic shear test results.

Post cyclic stage
Test# Test ID Y/N? τpsmax[kPa]

Program A 1 LSRD-200-A1 Yes 170.6

Loose samples

2 LSRD-200-A2 Yes 188.8
3 LSRD-200-A3 Yes 170.9
4 LSRD-200-A4 Yes 195.13
5 LSRD-200-A5 No -
6 LSRD-200-A6 Yes 107.14

Program B 1 DSRD-200-B1 Yes 140.96

Dense samples

2 DSRD-200-B2 Yes 168.57
3 DSRD-200-B3 No -
4 DSRD-200-B4 No -
5 DSRD-200-B5 Yes 186.07
6 DSRD-200-B6 Yes 207.6

FIGURE 4.25: Post-cyclic
shear test results per-
formed on some samples

from program A.

FIGURE 4.26: Volume
change during post-cyclic

loading in program A.
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FIGURE 4.27: Post-cyclic
shear test results per-
formed on some samples

from program A.

FIGURE 4.28: Volume
change during post-cyclic

shearing in program B.

4.4 Cyclic Resistance Ratio (CRR)

The cyclic resistance ratio is determined by relating the CSR and the Nγ=3.75% against
each other in a semi-logarithmic plot as depicted in Figure 4.29. Plotting a power-fit line
through these points, expresses this relationship in the form of a power-law function given
by Equation 2.1. Table 4.4 presents the power-law functions obtained for the test programs
A to C and the calculated CRR15 values using these equations. The CRR15 is the cyclic
stress ratio needed to reach the liquefaction criteria within 15 cycles. To plot be able to plot
the semi-logarithmic plots for programs A and C the test results of LSRD-200-A1 and LSR-
200-C1, respectively, are used. In neither test is the liquefaction criteria reached, hence the
maximum number of cycles is used to represent the CRR plots for these programs. There-
fore, the CRR15 values calculated with their equations are considered to be conservative.
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FIGURE 4.29: The cyclic resistance ratio (CRR) of fine-sand sand tailings de-
termined for 15 cycles to reach the liquefaction criteria.

TABLE 4.4: Power law equations and its a & b parameters to determine the
CSR needed to reach the liquefaction criteria within 15 cycles.

CRR a b CRR15
Program A 0.1912Nfl=3.75%

−0.09 0.1912 0.072 0.15
Program B 0.2021Nfl=3.75%

−0.072 0.2021 0.09 0.166
Program C 0.2482Nfl=3.75%

−0.042 0.2482 0.042 0.221
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Chapter 5

Discussion & Conclusion

The main objective of this thesis is to investigate how useful the direct shear test is to
study the liquefaction behaviour of fine-sand tailings. For this purpose, stress-controlled
cyclic direct shear tests were carried out on fine-sand tailings, received from the University
of Western Australia (UWA), as means of a round-robin program. In this chapter, the find-
ings from Chapter 4 are discussed and in the conclusion the research questions introduced
in Chapter 1 are answered.

5.1 Discussion: Effects of relative density (Dr) on cyclic direct shear
tests

The influence of relative density (Dr) is investigated by comparing the results of program
A and program B. For a better comparison, the tests with the same CSR values are compared,
namely LSRD-200-(A3, A4, A5) and DSRD-200-(B1, B2, B3), with CSR values 0.15, 0.16 and
0.175, respectively. During the consolidation stage, the loose samples (Dr = 20%) from pro-
gram A underwent a higher degree of settlement at the end of consolidation (EOC) than the
dense samples (Dr = 65%) from program B as depicted in Figure 5.1. The horizontal shear
displacement during the shear bias stage, shown in Figure 5.2 is also observed to be higher
for the loose samples. There is also a relatively small amount of additional settlement ob-
served during this stage for tests of program A, shown in Figure 5.3. Program B also shows
almost no change in settlement, except for DSRD-200-B2, which underwent an additional
0.6 mm settlement. A possible reason for this could be the soil was not evenly distributed
during the sample preparation, leading to settlements different to the other samples.
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FIGURE 5.1: Settlement at
EOC stage.

FIGURE 5.2: Horizontal
displacement at end of

shear bias stage.

FIGURE 5.3: Settlement at end of shear bias stage.

5.2 Discussion: Effects of drained shear bias (τα) on cyclic direct
shear tests

The effects of drained shear bias is investigated by looking at the results of program A
and program C. Specifically, test LSRD-200-A6 and LSR-200-C1 are compared. Comparing
the cyclic shear test results from Figure 4.14 and Figure 4.21 with the same CSR, LSRD-200-
A6 reached the liquefaction criteria of γ = 3.75% in just 1 cycle, whereas LSR-200-C1 did
not meet this criteria within 200 cycles. The overall change in void ratio (ec) at EOC was
also noted to be higher for the samples of program A, compared to program C, as seen in
Figure 5.4. Despite the higher void ratio’s, the tests of program A reached the liquefaction
criteria with lower CSR values, indicating that the drained shear bias, which simulates slop-
ing ground conditions, is more susceptible to liquefaction than level ground condition. The
difference in void ratio observed in this Figure may lie in the sample preparation stage due
to the difficulty of preparing loose samples manually.
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FIGURE 5.4: Comparison of the consolidated void ratio between tests of pro-
gram A and C.

5.3 Discussion:Response of post-cyclic shear stress

After the cyclic shear test, some samples were subjected to strain-controlled post-cyclic
shearing to determine how much residual shear strength the sample still has. The post-
cyclic shear stresses reached by the loose samples in program A lies between 170 kPa and
195 kPa, as depicted in Figure 5.5. The stresses of the dense samples of program B show a
consistent increase in residual shear stress with increasing CSR. A reason for this may lie
in the number of cyclic loading the samples underwent. As previously mentioned, higher
CSR required lower number of cycles to reach Nγ=3.75%. This means that in the samples with
higher CSR values still had a higher residual shear strength present. The results of program
A shows a fluctuating shear response with respect to CSR, making it difficult to analyse this
data.

FIGURE 5.5: Comparison between the maximum post-cyclic shear stress of
program A and program B.
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5.4 Conclusion

As this thesis attempts to study the cyclic shear response of fine-sand tailings with the
use of a direct shear box, it is not possible to fully quantify the results, thus the conclusions
of this study are given qualitatively. Following the discussion, the main research question
"How useful is the cyclic direct shear test to study the liquefaction response of fine-sand
tailings?" can be answered with the help of the sub-questions, previously defined in Chapter
1. The answers to these sub questions are as follows:

1. What is the influence of relative density to reach liquefaction criteria under cyclic
direct shear loading?
As evident from Table 4.2, loose samples from program A are more sensitive to lower
CSR values compared to program B. In both cases, increasing the CSR led to more in-
sensitive results. This can be seen in tests LSRD-200-A3, A4, A5, where γ = 3.75% is
reached in 4 cycles and for tests DSRD-200-B4, B5, B6 this criteria was reached within 1
cycle. Following these results, it can be concluded that for the application of cyclic di-
rect shear test on fine-sand tailings, dense samples deliver a more sensitive response to
the liquefaction criteria for low CSR values compared to loose samples. Additionally,
according to the CRR results, depicted in Figure 4.29, the dense samples exhibited ap-
proximately 9.6% more cyclic resistance compared to the loose sample from program
A, thus concluding that denser soils have a higher resistance ratio, compared to loose
soils.

2. How does the drained shear bias influence the cyclic shear response?
Following the discussion in Chapter 5.2, it can be said that the application of the
drained shear bias has a major influence on the cyclic shear response. The application
of τα in program A resulted in the tests reaching the liquefaction criteria with lower
CSR values, whereas tests from program C required a much higher CSR value. This is
also reflected in Figure 4.29 where program C has around 32% higher cyclic resistance
than program A. In conclusion, it can be said that the application of drained shear bias
results in lower CSR values needed to reach liquefaction. In other words, level ground
conditions have a higher resistance to liquefaction than the sloping ground conditions.

3. How does the fine sand tailings respond when subjected to post-cyclic loading?
Post-cyclic test results of program B showed that the residual shear stress increased
with increasing CSR, shown in Figure 5.5. Looking at the volume changes during each
stages of the tests, it is observed that the samples kept on contracting despite hav-
ing a high relative density. During the cyclic stage, tests with higher CSR underwent
higher shear displacement. It can thus be argued that the higher residual shear stress
resulted from the additional densification during the cyclic stage. All samples also ex-
hibited strain hardening behaviour (Figures 4.25 & 4.27) and achieved a much higher
maximum shear stress than the monotonic shear test (Test ID: SR-200-M) performed
under 200 kPa vertical stress, presented in Chapter 4.1. On average, the loose sam-
ples achieved 3% higher post-cyclic shear strain. Figures 4.26 & 4.28 displayed further
contractive response of the samples after exhibiting a dilative response. This contrac-
tive response explains the strain hardening behaviour and could be the result of the
constant normal load condition.

Overall conclusion: The use of the cyclic direct shear test method to investigate the cyclic
shear response of fine-sand tailings gave similar results as expected from a theoretical stance.
In short, denser soils and soils tested for level ground conditions both have a higher cyclic
resistance compared to their counter parts. The advantages of this test methods are:
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1. It gave some insight on the plastic deformation accumulation of the tailings under
repeated cyclic loading. Results show a slight increase in plastic deformation with
increasing τcyc.

2. The constant normal stress condition gave some useful strength data of the tailings
during the post-cyclic stage. This data can provide some information for tackling cer-
tain engineering problems, such as studying slope stability.

However, this study also shed light to some limitations, which prevented in obtaining highly
reliable data:

1. A major factor in the study of liquefaction is the influence of pore-water pressure. The
aim of this study was to perform cyclic direct shear test under partially drained con-
ditions. The main contributor for this test program was the frequency. Unfortunately
due to incorrect application of this frequency input of the used license, the tests were
not performed optimally.

2. The manual preparation of loose samples for a direct shear test is fairly difficult and
inconsistent. On the other hand, dense samples are easier to prepare, and its tests
yielded more consistent results.

Although, this study showed that in terms of determining the cyclic resistance ratio, the
stress-controlled direct shear test deliver similar results as cyclic direct simple shear tests,
the liquefaction criteria of γ = 3.75% is reached only due to the plastic shear strain develop-
ment, also known as strain softening.
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Chapter 6

Recommendations

The study and analysis of this thesis objective showed that there is much room for im-
provement. This Chapter highlights some recommendations which can help improve the
study of liquefaction using a direct shear apparatus.

6.1 Recommendations on the improvement of the direct shear de-
vice

As demonstrated, the direct shear apparatus from Wille Geotechnik is very much capa-
ble to conduct stress-controlled cyclic direct shear tests. However, there are some options
absent, which prevents from computing optimal results. Adding the following controls/op-
tions may help further improve the application of this method.

1. Changing the direction of the applied cyclic shear stress relatively quicker during the
cyclic stage and thus being able to implement an accurate frequency of the cycles.

2. Being able to conduct the tests under constant volume. This causes the volume of the
sample to remain constant while the vertical stress changes. This change in stress is
equivalent to pore pressure generated according to Hanzawa et al., 2007.

3. If the tests require post-cyclic shear test, it is recommended to add the post-cyclic stage
in the same test license as the stress-controlled cyclic test.

6.2 Recommendations on cyclic shear test

To further build on the tests presented in this thesis, some additional studies are recom-
mended:

1. Performing some cyclic direct shear tests on dense samples with the application of
drained shear bias, similar to program C, can shed more light to the influence the
drained shear bias by comparing its effects on dense and loose samples.

2. Conducting the cyclic tests with different vertical stresses can further broaden the anal-
ysis on the influences of constant normal load, consolidated void ratio, and relative
density on the study of liquefaction. It can furthermore help with studying its effects
in plastic strain development.

3. It is further recommended to conduct some cyclic direct simple shear tests on the same
material. This can help greatly in comparing both methods and further solidifying the
reliability and use of direct shear test to study liquefaction.
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Appendix A

Sample preparation procedure

FIGURE A.1: The sample preparation steps of a dense sample in 5 layers. Be-
fore proceeding to place the subsequent sub-layer, the surface is scarified to

ensure an uniform connection between each layer.

FIGURE A.2: Sample preparation steps of a loose sample constructed in 7 lay-
ers. Similarly to the dense sample, each sub-layer is scarified before placing

the next sub-layer.
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Appendix B

Additional cyclic direct shear results

In this appendix the additional plots of the cyclic shear results from Chapter 4 are found.
Test results from program A.

FIGURE B.1: Test ID: LSRD-200-A2. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 27 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.2: Test ID: LSRD-200-A3. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 30 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.3: Test ID: LSRD-200-A4. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 32 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.4: Test ID: LSRD-200-A5. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 35 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.5: Test ID: LSRD-200-A6. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 40 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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Test results from program B.

FIGURE B.6: Test ID: LSRD-200-A6. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 30 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.7: Test ID: LSRD-200-B2. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 32 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.8: Test ID: LSRD-200-B3. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 35 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.9: Test ID: LSRD-200-B4. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 37 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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Test results from program C.

FIGURE B.10: Test ID: LSR-200-C1. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 40 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.11: Test ID: LSRD-200-C4. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 45 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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FIGURE B.12: Test ID: LSRD-200-C5. SCCDS test performed on a loose sample
using a cyclic shear amplitude of 50 kPa. a. Stress-strain response, b. Vertical
stress behaviour against cyclic shear stress, c. shear strain development, d.

Cyclic shear stress response against time.
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