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Abstract: As widely used natural granular materials, sand and clay have been extensively studied.
However, its physical and mechanical behavior, such as the shear behavior and deformation under
loading, are still not clear. This is due to the limitation of the testing facility, in which most of the
testing apparatus can only add one directional shear stress. The in situ stress condition of soils is
usually more complex and has multi-directional shear stress during consolidation and shearing.
A bi-directional simple shear apparatus can better replicate the in situ stress condition and has been
used by a few researchers. This review summarized the testing facilities and recent advances in
bi-directional simple shear testing.
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1. Introduction

Soil that mainly includes sand and clay is a widely available natural granular material, and it has
been extensively used and studied as a construction material in engineering [1-10]. However, because
of the complexity of soils, the behaviour, especially the shear behaviour, is not well understood yet,
in terms of research and construction. As a result, it is necessary to better understand the shear
behaviour of soils through laboratory testing.

The stress conditions in laboratory testing are usually different from the in situ conditions. This is
due to the limitations of the apparatuses and methods. An appropriate apparatus can better replicate
the in situ conditions. For example, an embankment under an earthquake loading can be better
replicated using a bi-directional simple shear apparatus. Therefore, when choosing the equipment,
factors such as the loading conditions, boundary conditions, and sample configurations should
be considered. In addition, an appropriate sample preparation method to form the needed soil fabric,
as well as a testing procedure that reflects the in situ loading, should be selected correspondingly.
However, not all of these conditions can be met in most geotechnical experiments. For example,
a saturated sample should have a constant volume, a constant vertical load, and a constant height,
without lateral strain. However, a constant volume and constant load cannot be simultaneously and
perfectly maintained in simple shear tests.

Several element level tests are traditionally used in geotechnical testing, which are triaxial
testing, simple shear testing, and torsional testing. Each has its merits and drawbacks. The following
compares the apparatuses that are used in these tests, with emphasis on different stress paths and
loading conditions.

Triaxial apparatuses, which are widely available and easy to operate, have been widely used in
previous studies, including research on liquefaction [11-13] and stress history [14-17]. Triaxial testing
uses a tall cylinder sample with a latex membrane, usually with a diameter to height ratio (D/H)
of 0.5 [14-16]. The cell pressure is exerted by the water (or other medium) inside the cell. The water
pressure is controlled via a cell pressure controller that is connected to the cell. The axial load is applied
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by a motor at the base of the specimen, and is measured by the load cell above the specimen’s cap.
Because there is no physical constraint in the radial direction, the samples may develop radial (lateral)
deformations, which are not representative of some in situ conditions. Although the cell pressure
confines the tested specimen through the latex membrane to some degree, a constant volume can only
be maintained globally. In addition, the radial strain is difficult to determine, as it is usually larger in
the middle of a sample than on the top and bottom.

The main problem with triaxial testing is the rotation of the principal axes of stresses. In the
triaxial tests, the principal axes of the stresses instantaneously rotate 90 degrees during some cyclic tests.
However, in the field and during simple shear testing and hollow cylinder testing, the principal axes
of the stresses rotate smoothly during shearing.

Hollow cylinder apparatuses are widely used for the controlled stress path testing of reconstituted
soils in both drained and undrained conditions, with monotonic and cyclic loadings. Axial load, torque,
outer cell pressure, and inner cell pressure can be independently exerted on a hollow cylindrical
specimen, which enables the independent control of the rotation of the major-minor principal stress
axes and the magnitudes of the three principal stresses. Therefore, some complex stress paths can be
studied using a hollow cylinder apparatus. The hollow cylinder apparatuses use a hollow cylindrical
sample with two latex membranes (inner and outer), usually with an outer diameter to height ratio of
0.5-1 [18-21]. Similar to the triaxial apparatuses, the hollow cylinder apparatuses use cell pressure to
confine the sample through the membrane. In a hollow cylinder apparatus, there are two separate cell
pressures, applied in the interior and exterior chambers. The two cell pressures can work independently
or simultaneously to control the pressure on both the inner and outer surfaces of a sample. The complex
load paths can be tested using a hollow cylinder apparatus [22]. However, because of the geometry of
the sample, the apparatus can only add one shear stress.

Although the uniformity of the strain of a sample is improved by using a hollow cylinder sample
compared with a solid cylinder sample, end-restraint and sample curvature still cause non-uniformities
of stress and strain. Non-uniformities in stress occur at the boundary of a sample. As a hollow cylinder
sample increases the surface area-to-volume ratio of a sample, the non-uniformities are increased
in another way compared with a solid cylinder specimen. Moreover, because of the large height of
a sample, the lateral pressure within a sample increases from top to bottom, while the cell pressure is
the intermediate value over the height of the sample. As a result, the cell pressure is higher than the
lateral stress at the top, and is lower than that at the bottom, causing a non-uniform strain (thinner at
the top and thicker at the bottom). The non-uniform strain is also the result of no lateral confinement.
In addition, the resultant stresses are also non-uniform, and are greater at the top and less at the bottom.
Another problem related to the sample height is the pore water pressure redistribution, particularly at
a low strain rate. The redistribution of the pore water pressure and non-uniformity of the samples
together cause the change in the local strain and density.

Different from triaxial testing, the principal stresses rotate continuously during a torsional test,
which replicates in situ stress conditions. A hollow cylinder apparatus also allows for the independent
control of principal stresses and the rotation of the major principal stress axis, and is widely used
in the simulation of principal stress rotation [20,21,23,24]. However, Budhu [25] stated that a hollow
cylinder apparatus allows for control over the principal axes instead of allowing the free rotation of
the principal axes.

Simple shear apparatuses have been developed for several decades [26-30]. The most commonly
used type of simple shear apparatuses was developed by the Norwegian Geotechnical Institute (NGI).
A short cylindrical sample is used in the simple shear testing, surrounded by a reinforced latex
membrane or a latex membrane with a stack of rings. The two kinds of lateral confinement show
a general agreement in the shear strength and volume change in the experimental results, using
cohesive and non-cohesive soils [31,32]. Physical constraints in the horizontal direction accurately
maintain the Ky consolidation. However, the shape of a cylindrical specimen prevents the direct
measurement of the forces on the constraints. Although numerous studies have been carried out to
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measure the lateral stress on rings and reinforced membrane with non-standard equipment that is no
longer produced, to this day, there is still no easy way to make a reliable measurement [33-35].

Simple shear testing replicates the in situ stress, and has a smooth rotation of the principal axes
during shearing. For bi-directional simple shear apparatuses, such as the VDDCSS, it is possible to
apply shear stresses in two independent directions on the horizontal plane. In terms of uniformity,
a large diameter-to-height ratio (D/H) and small height, where D/H is usually greater than four in
tests, effectively reduces the non-uniformity of the stress, effectively within the active portion of the
sample [28,36].

Unlike the triaxial and hollow cylinder apparatuses, most of the existing simple shear apparatuses
cannot impose chamber pressure, with the exceptions of those built at the University of Tokyo [29] and
UC Berkeley [30,37,38]. Because of this, a fully saturated sample is hard to obtain. Thus, a ‘constant height’
method is widely used on dry samples, which allows for the vertical stress to drop. This method provides
a quick and accurate measuring of the shear responses in simple shear apparatuses. The drop of vertical
stress is assumed to be the generated pore water pressure in a fully saturated sample [33,39,40].

In a simple shear apparatus, the shear stress is imposed through the top or bottom caps, without
complementary shear stresses on the sides. This potentially causes a rocking and pinching problem.
A study on saturated circular samples, conducted by Franke et al. [28], showed that the samples with
a D/H from 3.75 to 7.5 had no difference in terms of loading resistance. Kammerer [37] stated that the
lack of complementary shear stresses impacted a relatively small portion of samples with D/H ratios
greater than four.

The other type of simple shear apparatus, known as a Roscoe-type or Cambridge-type apparatus,
was developed at Cambridge University by Roscoe [26]. Metal flaps are used for lateral restraint,
and hinges are used to connect the metal flaps with the top and bottom caps. The metal flaps can
rotate around the hinges. Many efforts have been focused on measuring the loads on the vertical and
horizontal faces of the samples with sophisticated instruments [26]. As a result, this type of apparatus
is capable of comprehensively measuring loads, especially in the centre of the sample, where the
stresses are considered to be the most uniform [41]. However, the sample preparation for this type of
devices is more difficult than those using NGI-type apparatuses, and the type of constraint and the
sample shape have limited the use of multi-directional shear loadings.

2. The Development of Bi-Directional Simple Shear Apparatuses

The idea of simple shear was first developed by Bjerrum and Landva [27] at the Norwegian
Geotechnical Institute (NGI), in order to better duplicate the observed in situ conditions of the slipping
plane of a landslide. In some cases, the soil is subjected to complex stresses and requires a simple
shear apparatus that is capable of applying multidirectional shear stress in order to investigate
such conditions.

Over the last few decades, many efforts have been focused on laboratory testing using
bi-directional simple shear apparatuses [16,29,30,42-45]. Unfortunately, few apparatuses can
successfully control the boundary condition. This is mainly due to the difficulties in designing
an apparatus that can perform multi-directional shearing. There are many technical issues with
the existing bi-directional simple shear apparatuses, such as rocking and pinching problems [29].
In addition, these apparatuses that have been developed by researchers are not in widespread use.

In recent years, a limited number of NGI-type bi-directional simple shear apparatuses have
been developed in order to investigate the effect of static driving shear stresses on undrained shear
behaviour [30,37,45-49]. In these studies, static driving shear stress is introduced so as to duplicate the
stress state of the soil under a slope or foundation, and its magnitude depends on the inclination of its
respective slope or structural weight. Static (monotonic) undrained shear stress represents horizontal
forces, such as ice loading on an offshore arctic gravity structure, and cyclic undrained shear stress
represents seismic loadings, such as transverse earthquake strikes. DeGroot et al. [45], Rutherford [46],
and Biscontin [47] studied the effect of the consolidation shear stress on clay in monotonic bi-directional
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simple shear tests. Boulanger et al. [50,51], Boulanger and Seed [38], and Kammerer [37] studied the
effect of consolidation shear stress on sand in cyclic bi-directional simple shear tests. In these studies,
the specimens are first consolidated under a vertical stress and shear stresses along different directions,
and are then sheared in undrained conditions along a fixed direction. The results of these studies show
that the angle between the consolidation shear stress and the secondary shear stress has a significant
effect on the stress—strain responses. Tests show the lowest strength occurs in tests with angles around
90°, while the highest strength occurs at 0°. In addition, Kammerer [37] concluded that the rotation of
the principal stress and stress reversal have a profound influence on the excess pore water generation
and the development of shear strain. However, such bi-directional simple shear tests do not consider
the non-coaxiality. This is due to the difficulties in interpreting the stress state in the NGI-type simple
shear tests.

Generally, previous bi-directional simple shear tests can be divided into two categories, tests with
level ground conditions and tests with sloping ground conditions. In the previous bi-directional simple
shear tests with level ground conditions, some complex loading types were tested. These tests did not
consider the effect of the consolidation of shear stress. In previous bi-directional simple shear tests with
sloping ground conditions, the effect of the initial static driving stress was studied. The initial static
driving stress is a type of consolidation shear stress. Schematic of a bi-directional simple shear testing
apparatus is shown in Figure 1, and sectional details of a specimen in a mould are shown in Figure 2.
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Figure 1. Schematic of a bi-directional simple shear testing apparatus (a) YZ plane (b) XZ plane [52].
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Figure 2. Sectional details of a specimen in a mould [52].
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3. Bi-Directional Simple Shear Tests with Complex Loading Types

A bi-directional simple shear apparatus was first used by Ishihara and Yamazaki [29]. Cylindrical
samples were used in this apparatus, and the samples were constrained by a stack of Teflon coated
rings lined with a latex membrane. The diameter to height (D/H) ratio of the specimen was 3.75.
A bi-directional pneumatic loading system acts on the sample through the top cap. To achieve
an isotropic consolidation, the cell pressure was kept at 300 kPa under the vertical stress of 200 kPa.
The stress-controlled method was used in the study, and 3% of the single amplitude shear strain
was defined as the failure criterion. The single amplitude of the shear strain is the shear strain
developed from the original point of shear strain to the maximum or minimum point of the shear strain.
The two stress paths used in this study, ‘rotational” and “alternating cyclic’, are as shown in Figure 3.
The tests with the same magnitude have a circular shear path, while the tests with a different magnitude
have an elliptic shear path. In the rotational loading, two shear stresses with the same or different
magnitudes were added, with a phase difference of 90°, as shown in Figure 4. In the second type of
shear path, the shear stresses in two perpendicular directions with equal or different magnitudes were
alternatively applied with a phase difference of 360°. The resultant shear path is shown in Figure 3b.
In both of the stress paths, the magnitude of the secondary shear stress (7;) is increased from 0 to the
same magnitude as the principal shear stress (7s). The tests conducted in this study used Fuji River
sand with a medium relative density. The consolidation shear stress was not considered.

(a) (b)

Figure 3. Stress paths in the bi-directional simple shear tests (a) rotational loadings and (b) alternate
shear loadings (Reprinted from [29]).
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Figure 4. Waves of (a) uni-directional shear loadings and (b) multidirectional shear-circular loading
(Reprinted from [29]).

The results show that, in both of the stress paths, the cyclic stress ratio that caused the 3%
shear strain is decreased with the increasing magnitude of the secondary shear stress. In addition,
the resultant cyclic shear ratio of the tests with the same magnitude of shear stress in two directions
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is 25% to 35% less than the resultant cyclic shear ratio in the one-directional tests. The reduction in
the rational shear pattern is greater than that in the alternate shear pattern. Unfortunately, rocking
problems caused a uniformity of stress and an inaccuracy of strain measurement in this study:.

Ishihara and Yamazaki [29] found rocking motions around the horizontal direction of
the apparatus. As a result, the vertical stress was applied near the edge of a specimen when the
vertical height of the specimen was fixed during shearing. The non-uniformity of the stress in a sample,
caused by the rocking motion, was difficult to measure, and the measured horizontal displacement
at the horizontal load ram was greater than the actual displacement measured above the specimen.
In addition, because of the friction of the carriage system, the applied horizontal load was always
smaller than the horizontal load measured by a load cell. Corrections were applied during the
data analysis.

The same apparatus was used to investigate the effect of the irregular and multi-directional
loading on soil subjected to earthquake loading [53]. The Fuji River sand with three different
relative densities was tested under six sets of irregular shear stress. The results show that the
secondary shear stress decreased the liquefaction resistance, and the irregular loading increased
the liquefaction resistance. Unfortunately, excessive rocking motions still existed.

Matsuda et al. [36,54,55] used a bi-directional simple shear apparatus to investigate the effective
stress change and post-earthquake settlement subjected to multidirectional simple shear loadings.
Cylindrical samples were tested, with a D/H of 3.75. The specimens were enclosed in rubber
membranes, and the membrane-enclosed samples were surrounded by a stack of acrylic rings.
The radial strain of a specimen is constricted by the stack of acrylic rings. To prevent friction between
the acrylic rings, dry magnesium silicate powder was spread on the surface of each acrylic ring. The use
of the powder also ensures the uniformity of the shear deformation from the bottom to the top of
a sample. In this simple shear apparatus, there is no cell pressure system, but the pore water pressure
can be measured. The distribution of the pore water pressure is considered uniform in the specimen,
as the D/H is large. The strain-controlled method was used in the study, and full liquefaction was
obtained in each test.

In the study conducted by Matsuda et al. [54], saturated and consolidated samples were subjected
to different magnitudes and directions of cyclic displacements, while the volumes of the samples
were constant. The samples were then reconsolidated under the same consolidation stresses, and the
settlement was measured as the post-earthquake settlement. Matsuda et al. [54] used modified
‘rotational’ loading in an undrained shear, in which the phase difference between the two perpendicular
shear stresses was 0°, 20°, 45°, 70°, and 90°.

The results show that increasing the amplitude of the shear displacement significantly decreases
the effective vertical stresses on the granular materials. At the same accumulated shear strain, the effect
of the phase difference on the volumetric strain is small, and the effect is decreased in tests with higher
shear strain amplitudes. In addition, the increasing magnitude of the shear strain amplitude increases
the volumetric strain after shearing.

4. Bi-Directional Simple Shear Tests with Complex Loading Stages

To study the foundation soil of an offshore Arctic gravity structure subjected to complex loading
conditions, DeGroot et al. [56] conducted a group of bi-directional simple shear tests that considered
the effect of the consolidation shear stress. The bi-directional simple shear apparatus developed by
DeGroot et al. [45] was used, which is capable of measuring the pore water pressure. The tested material
was normally consolidated resedimented Boston Blue clay. In the experiment, 35 cm? cylindrical clay
samples were trimmed to the height of 2.3 cm, and placed into wire-reinforced membranes. The D/H
was less than 1.91.

In the tests conducted by DeGroot et al. [56], the effect of the direction of consolidation shear
stresses on the undrained monotonic shear behaviour was studied on clay. The consolidation shear
stress presents the gravity loading induced initial shear stress within the foundation soil, and the
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undrained monotonic shear stress presents horizontal stress caused by external loads, such as an
ice-loading force. In the consolidation stage, the samples were consolidated with a shear stress in
directions from 0° to 180°, with an interval of 30°. Then, a secondary shear stress was applied in the 0°
direction under the undrained conditions. The samples had a consolidation shear stress ratio (CSR, UL;C
of 0.2, in which the consolidation shear stress ratio equalled the consolidation shear stress normalized
by the effective vertical consolidation stress.

The results show that the peak X shear strength decreases dramatically in tests with an angle
from 0° to 120°, and then increases in tests with an angle from 120° to 180°, as shown in Figure 5.
The shear strength is increased if one considers the total shear stress, in which the shear stress in the Y
direction of the apparatus is included. The total shear strength is generally decreased by the increasing
angle between these two shear stresses. In the tests with angles smaller than 60°, brittle stress—strain
behaviours are reported, and increasing the angles from 60° to 180° increases the ductility. The results
indicate that the angles between the two shear stresses should be considered in foundation design,
as the soil responses are significantly different in the soil with different angles. Biscontin [47] and
Rutherford [46] tested the same stress paths as those used by DeGroot et al. [56], and found similar
relations between the angles and shear strength. However, there is a common limitation in these
studies, only one CSR was considered, 0.2. The magnitude of the CSR is not well studied.
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Figure 5. The maximum normalized shear stresses and total shear stresses versus 6 (Tj,. /0y = 0.2)
(Reprinted from [55]).

Boulanger et al. [50], and Boulanger and Seed [38] performed two-directional monotonic and
cyclic simple shear tests using an apparatus developed at UC Berkeley [30]. In this apparatus, cell
pressure can be exerted, and the pore water pressure can be measured. Boulanger and Seed [38]
used this apparatus to study the seismic loading conditions on slopes. The slope conditions were
represented by the consolidation shear stresses in the dip direction, and seismic loadings were applied
parallel or perpendicular to the consolidation shear stresses, as shown in Figure 6a. The consolidation
shear stresses were first added during the consolidation, and then the cyclic loadings were added
perpendicular to the consolidation shear stresses, as shown in Figure 6¢. For comparison, a second
series of tests was also conducted, in which the consolidation shear stresses were in the same direction
as the cyclic shear stresses, as shown in Figure 6b.

In the tests conducted by Boulanger et al. [30], and Boulanger and Seed [38], the specimens were
prepared in a plain rubber membrane held tight against a vacuum mould. The specimens were in
a cylindrical shape with a D/H of four. It should be noted that the plain rubber membrane-enclosed
specimens were directly placed in the chamber of the apparatus, without rings or a reinforced
membrane placed outside the soil specimen, and the undrained condition was achieved by closing
the drainage and maintaining the constant height of a specimen. As a result, the horizontal (radial)
strain was not zero, and there were non-uniformity issues in the vertical direction of the specimen, like
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the triaxial samples or hollow cylinder samples. Single amplitudes of 3% and 7.5% were defined as

failure criteria.
Perpendicular to dip direction
Parallel to dip direction
PN
a, i
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—
|
“|
rE
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[

Figure 6. Two dynamic loading conditions considered in the tests (Reprinted from [38]).

The results in these studies show that when the two stresses are in the same direction,
the liquefaction resistance usually increases with the increasing consolidation shear stress. In contrast,
when the cyclic shear stress is applied perpendicular to the consolidation shear stress, the liquefaction
resistance decreases with the increasing consolidation shear stress. The liquefaction resistance (with
failure criteria of 3% or 7.5% single amplitude shear strain at the 10th or 30th cycle) of the perpendicular
cyclic loading is 5% to 30% less than that in the parallel cyclic loading for tests with a consolidation
shear stress ratio ;—Z, is consolidation shear stress and is vertical stress) of 0.2 to 0.3, and relative
densities of 35%, 45%, and 55%. Boulanger and Seed [38] stated that the reduction of cyclic shear
resistance in perpendicular tests is due to the difference of the principal stress rotation and stress
reversal, which have a profound influence on the excess pore water generation and shear strain.

Using the same apparatus as Boulanger and Seed [38], Kammerer [37] conducted a comprehensive
study of multidirectional simple shear tests on a saturated medium dense to dense sand, under
multidirectional stress paths. The initial driving shear stress was considered as a core parameter in
this study. As shown in Figure 7, three types of cyclic loading were tested, namely: (a) one-directional
cyclic loading; (b) loadings with oval/circular stress paths; and (c) loadings with Figure 8 stress paths.
To create different levels of stress reversal, different levels of initial driving shear stress were considered
by Kammerer [37], as shown in Figure 8. However, only 0° and 90° were used as the direction of
the initial driving shear stress, and the cyclic shear stress was not considered in the consolidation
stage. The study used the stress-controlled method, and a double amplitude of 6% was defined as the
triggering of liquefaction.
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Figure 7. Multi-directional loadings considered the initial static driving force, tested by Kammerer
(Reprinted from [37]).
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Figure 8. Different levels of stress reversals in tests with varied stress paths, by Kammerer (Reprinted
from [37]).

The results show that the shear stress and shear strain responses of sand under multidirectional
loadings are far more complex than those in the uni-directional simple shear tests. The shear strain
in the bi-direcional simple shear tests can be much larger than the estimated shear strain base on the
uni-directional simple shear tests. Specifically, at the low values of the initial static driving stress,
increasing the cyclic shear stress increases the cyclic and permanent shear strains. At the high values
of the initial static driving stress, increasing the cyclic shear stress decreases the cyclic and permanent
shear strains. The cyclic shear strain and permanent shear strain are defined in Figure 9. In addition,
increasing the cyclic shear stress reduces the number of cycles at the limiting pore water pressure and
the strain potential after reaching the limiting pore water pressure. The limiting pore water pressure is
defined as the maximum pore water pressure at a stable state (a constant value), as shown in Figure 10.

Cyclic Shear Strain

Permanent Shear|Strain
+—1 >

Number of Cycles

Shear Strain

Figure 9. Cyclic shear strain and permanent shear strain in a simple shear test (Reprinted from [37]).

In most tests conducted by Kammerer [37], a large strain occurs before reaching 100% excess pore
water pressure (full-liquefaction). It was concluded that the large shear strain can be developed when
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the excess pore water pressure is much smaller than the total vertical stress. It was found that the
consolidation shear stress has a significant influence on both the shear strain development and the pore
water pressure generation, and the effect is different in the different stress paths. Specifically, increasing
the consolidation shear stress increases the liquefaction resistance by reducing the level of shear
stress reversal. The shear strain in the tests with a small consolidation shear stress was greater than the
tests without the consolidation shear stress.

By systematically studying the effect of the consolidation shear stress on the liquefaction resistance,
Kammerer [37] concluded that the reduction factors, developed by Seed et al. [57], and Ishihara and
Yamazaki [29], may not reflect the differences in liquefaction triggering between a uni-directional simple
test and a corresponding uni-directional simple shear test under the same testing conditions. The reduction
factors were defined as the difference between a cyclic shear stress ratio in a uni-directional simple shear
test (CSR;p) and its corresponding bi-directional simple shear test (CSRyp), normalized by the cyclic
shear stress ratio in an uni-directional simple shear test (CSR1p), %. The reduction factor in the
study conducted by Kammerer [37] had a wider range, from 0.6 to 1.3, compared to that from 0.8 to 1.0 as
recommended in previous studies. Kammerer [37] concluded that the difference is due to the fact that
less stress paths were considered in previous studies. It shows the cyclic shear strength in a bi-directional
simple shear is more complex than a uni-directional simple shear test.

Limiting Pore Pressure

Number of Cycles

0 1

Excess Pore Pressure Ratio (r,)

Figure 10. Limiting pore water pressure in a simple shear test (Reprinted from [37]).

To study the shear stress of sand with static shear stress during consolidation, Li et al. [52]
conducted a group of bi-directional simple shear tests on Leighton Buzzard sand Fraction B,
which shows dominant contractive behaviour. Similar to the stress paths used by DeGroot et al. [56],
as shown in Figure 11, the effect of the consolidation shear stresses on the undrained monotonic and
cyclic shear behaviour was studied [52,58,59].

In the tests with different magnitudes and directions of the consolidation shear stresses, it has been
shown that a smaller angle leads to a more brittle shear response and a higher peak strength. In the
tests with a greater CSR (magnitude of consolidation shear stress), the most brittle response and the
highest peak strength take place at a 0° angle, which is similar to results reported by DeGroot et al. [56].
In the tests with a smaller CSR, the peak strength at all of the angles is greater than the tests without the
consolidation shear stress, as shown in Figure 12, and the most brittle response and the highest peak
strength take place at a 90° angle. It was concluded that the consolidation shear stress densifies the
soil samples, and the role of densification is predominant over the role of angles under a smaller CSR.

Y Consolidation AUndrained
Shear Stress Shear Stress
120° =20
= 60

Z s
150° 30°

180°. ) 0°
L8l s —_——

Figure 11. Stress paths on soil samples including the first consolidation shear stress, followed by
undrained shear [52].
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Figure 12. Shear strength along the x-direction and the total shear strength for the different angles of
shear consolidation under the consolidation shear stress ratio (CSRs) of 0.05 and 0.1 [52].

Using the same stress paths, Li et al. [60,61] studied the non-coaxiality of sand during the shear.
Non-coaxiality is analyzed based on the linear relation between ;- and tan, which is found in the
constant load simple shear tests [41]. T is the shear stress, oy is the vertical stress at consolidation,
and ¢ is the rotation of the principal axes of stresses. The effect of relative density, vertical stress,
and stress history on non-coaxiality are studied. It was found that increasing the relative density
decreases the level of non-coaxiality, as shown in Figure 13, and that increasing the effective vertical
stress increases the non-coaxiality, as shown in Figure 14. In addition, in the test with a different stress
history, as shown in Figure 15, the greatest non-coaxiality is found in the test with the angle of 180°,
and the smallest difference of these axes is found in the test with the angle of 0°. At a small shear
strain, the stress history has a significant effect on the non-coaxiality, in which the increasing angle
increases the level of non-coaxiality, as shown in Figure 15.

50 T T T
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—&— Strain increment
10k —&— Stress Dr=30%

—&— Stress Dr=48%

—O— Stress Dr=67%

10 20 30 40
Shear Strain, y(%)

Figure 13. Rotation of principal axes of stresses and strain increment at different relative densities [60].
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Figure 14. Rotation of principal axes of stresses and strain increment under different vertical
stresses [60].
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Figure 15. Rotation of principal axes of stresses and strain increment in different stress paths at
CSR = 0.1 [60].

5. Conclusions

Studying the soil behavior under shear stress is a major research topic in soil mechanics, and it
helps to create a better understanding of materials with soil components. Commonly utilized testing
facilities are the triaxial apparatuses, hollow cylinder apparatuses, and direct simple shear apparatuses.
These devices, used under various loading conditions, produce a huge number of experimental data.
However, there is one salient limitation in these experiments, in that there is only one shear stress
exerted on the soil samples. In most geotechnical engineering applications, the soil is often subject
to shear stresses along multiple directions, such as in the embankments under earthquake strike and
in the foundations of breakwaters. There is a consolidation shear stress acting along the slope due to
gravity in embankments, and an earthquake strike generates another shear stress, which is generally
not in line with the slope direction. The shear stress is stress path related, so it must be examined
under the same stress path as in situ. However, those complex loading conditions cannot be simulated
using traditional testing apparatuses.

To better understand the soil behavior under multiple shear stresses, a few researchers have
developed in-house bi-directional direct simple shear apparatuses, in which two shear stresses can
be exerted on a soil specimen, independently from orthogonal directions. However, the types of soil
tested and the experimental data are quite limited. In addition, the magnitude and direction of the
consolidation shear stresses have not been systematically studied in previous studies. Some previous
works done by bi-directional direct simple shear apparatuses are summarized in Table 1.
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Table 1. Some previous works done by bi-directional direct simple shear apparatuses.

Authors (Year) Tested Materials Tested Stress Paths Findings
1. Circular cyclic loading.
Ishihara and Yamazaki (1980) Fuji River Sand 2. Elliptic gycllc lo;?dlng. ) 1. Increfismg seFondary shear stress decreases liquefaction resistance.
3. Alternating cyclic loading. 2. Rocking motions exists.
* Truly undrained test
Irregular shear stress: time histories of horizontal accelerations 1. Increasing secondary shear stress decreases liquefaction resistance,
Ishihara and Nagase (1988) Fuji River Sand of recorded ground surface during few earthquakes. and irregular loading increased the liquefaction resistance.

* Truly undrained test

2. Rocking motions still exists.

Boulanger and Seed (1995)

Modified Sacramento River Sand

Drained monotonic shear (in X and Y direction) and secondary
undrained cyclic shear (in X direction).
* Constant volume test

1. When the two stresses are in the same direction, liquefaction resistance
usually increases with increasing the consolidation shear stress.

2. When cyclic shear stress is applied perpendicular to the consolidation shear
stress, liquefaction resistance decreases with increasing consolidation

shear stress.

Drained monotonic shear (in 0°-180°to X direction) directions +

Peak shear strength (in X direction) decreases dramatically in tests with

DeGroot et al. (1996) Boston Blue Clay secondary undrained monotonic shear(in X direction). an angle from 0° to 120°, and then increases in tests with an angle from 120°
* Constant volume test to 180°.
1. Drained monotonic shear (in 0°~180°to X direction) directions + 1. Consol_lda’tlon shear stress and its loading angle_ to secondary undrained
X . R L monotonic shear stress have effect on shear behavior.
secondary undrained monotonic shear (in X direction). 2. Undrained monotonic shear strength increases with increasin,
Biscontin (2001) Young Bay Mud 2. Drained monotonic shear (in 0°and 90°to X direction) directions + 1 8 8
X X . Lo consolidation shear stress.
secondary undrained cyclic shear (in X direction). . . TS, . .
M . 3. Shear strain development (magnitude and direction) is different in cyclic
Truly undrained test s L
tests with different stress histories.
1. One-directional cyclic loading. 1. CyCh.C shgar s:rgngtli\ mha bi-directional simple shear is more complex than
2. Circular/elliptic cyclic loading. a one-directional simple shear test.
) T . 2. Reduction factors, developed by Seed et al. [57], and Ishihara and
Kammerer (2002) Monterey #30 Sand 3. Figure 8 cyclic loading. . . I . . .
12 5 o Yamazaki [29], may not reflect the differences in liquefaction triggering
With 0° and 90° consolidation shear stress. R : X L 9o
* R between a one-directional simple test and a corresponding uni-directional
Truly undrained test . . -
simple shear test under the same testing conditions.
1. One-directional cyclic loading. 1. Generally, the amphtqde of shear displacement has a significant effect on
. . . the changes of the effective stress of Toyoura sand and GBFS.
Matsuda et al. (2011) Toyoura Sand and GBFS 2. Circular cyclic loading. : . . . - .
2. At a higher amplitude of shear displacement, cyclic shear direction has little
* Constant volume test L
effect on effective stress.
1. Monotonic test.
2. One-directional cyclic loading. 1. Stress reversal affects excess pore water pressure generation
Rutherford (2012) Mexico Gulf Clay 3. Circular cyclic loading. o P P & ;
. . . 2. Figure 8 tests accumulate permanent strain faster than other stress paths.
4. Figure 8 cyclic loading.
* Truly undrained test
- . . 1. At the same amplitude of the shear displacement and number of cycles,
1. One-directional cyclic loading. . T R . .
2. Cireular cyclic loading excess pore water pressure and post-liquefaction settlement caused during
Matsuda et al. (2013) Kaolinite Clay ! . multi-directional loading is greater than that under one-directional loading.

3. Elliptic cyclic loading with different phase differences.
* Constant volume test

2. Excess pore water pressure and post-liquefaction settlement caused during
multi-directional loading is increased by phase difference.
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Authors (Year) Tested Materials Tested Stress Paths

Findings

Drained monotonic shear (in 0°~180°to X direction) directions
Lietal. (2017) Leighton Buzzard Sand Fraction B and secondary undrained monotonic shear (in X direction).
* Constant volume test

1. Magnitude of consolidation shear stress ratio affects the shear behavior.
2. Consolidation shear stress densifies the soil samples, and the role of
densification is predominant over the role of angles under a small
consolidation shear stress ratio.

Drained monotonic shear (in 0°~180°to X direction) directions
Lietal. (2018) Leighton Buzzard Sand Fraction B and secondary undrained monotonic shear (in X direction).
* Constant volume test

1. Increasing the relative density decreases the level of non-coaxiality,
and increasing the effective vertical stress increases the non-coaxiality.

2. The greatest non-coaxiality is found in the test with the angle of 180°,
and the smallest difference of these axes is in the test with the angle of 0°.

* Truly undrained test denotes tests with pore pressure measurement, and Constant volume test denotes tests without pore pressure measurement.
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