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Abstract: The shear behavior of loess is of paramount importance to
understanding of mechanisms triggering landslides. In this research, using a ring
shear apparatus, a series of ring-shear tests was performed on the Lanzhou
loess to examine the residual shear behavior of the loess with different water
contents. The results show that the increase of water content results in the
reduction of void ratio of the samples, when the water content continuously
increase to a special threshold, the void ratio of the samples increase lightly then
reach a stable state. Correspondingly, the cohesion increase and the friction
angle decrease with increasing water content until the water content threshold,
and thereafter the cohesion decreased quickly to zero and the friction angle
stabilized at a residual value. Futhermore, the localization of shear deformation
result in difference between shear zone and soli layers below and above the
shear zone in void ratio, causing the two different types of water migration on
shear zone. Before the water content threshold, the water is sucked towards
shear zone from soil layers above and below the shear zone, and then the water

is expelled shear zone into soil layers above and below the shear zone. The
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water migration can influence shear strength of soil which depends on the type
of water migration on shear zone. These results reveal that the volumetric
change of soil not only has great influence on shear behavior during wetting but

also is related to the water migration during shearing.

Keywords: Loess landslide, shear zone, volumetric response, water

migration, residual shear strength, ring shear tests
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1 Introduction

Landslides occurred in loess setting cause serious casualties and much
destruction almost every year. Loess landslides are often triggered by rainfall
and irrigation (Gibbs and Holland, 1960; Lutenegger and Hallberg, 1988;
Derbyshire et al., 1991; Derbyshire et al., 1994; Dijkstra et al., 1994; Derbyshire,
2001; Ueno et al., 2005), but sometimes earthquake is also an important trigger
to them (Lutenegger, 1981; Ishihara et al., 1990; Zhang and Wang, 2007). In
these conditions, the initiation and movement of loess landslides were generally
implicated in reduction of shear strength of soil accompanied by gradual or rapid
increase of water content.

There has been considerable research into examining the effect of water
content on shear strength of loess, and much of this effort has recognized that
the impacts of water content are of paramount importance to understanding the
mechanisms of loess landslides (Gibbs and Holland, 1960; Lutenegger, 1981;
Ishihara et al., 1990; Derbyshire et al., 1994; Dijkstra et al., 1994; Zhang and
Wang, 2007; Zhang et al., 2009). Most of the previous studies were performed
on undisturbed loess samples in triaxial tests, mainly focusing on the natural and
saturated samples (Gibbs and Holland, 1960; Audric and Bouquier, 1976;
RenéJacques, 1988; Tan, 1988; Abduljauwad and Al-Gassous, 1991; Phien-wej

et al., 1992; Zhang et al., 2009). Additionally, there have been few attempts to
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examine shear strength behavior of remolded loess samples in ring shear tests
(Derbyshire et al., 1994; Dijkstra et al., 1994; Zhang and Wang, 2007).
Derbyshire et al. (1994) and Dijkstra et al. (1994) conducted a series of tests at
different water contents on remolded loess samples taken from Chinese
Lanzhou region, using a modified Bromhead ring shear apparatus. The results
showed that the apparent cohesion increased and the internal friction angle
decreased with increasing water content untill a certain threshold, after which
the apparent cohesion decreased rapidly and the internal friction angle stabilized
at a residual value theoretically. In practice, however, the leakage of water and
fine particle during shearing caused an increase in the internal friction angle due
to the deficiencies of the apparatus (Derbyshire et al., 1994). Derbyshire et al.
(1994) also pointed out that the leakage also affected the cohesion of soil.
Hence, we can find that change in water content during shearing has impact on
strength behavior of the loess. Furthermore, field investigation to four loess
landslides have shown that the water content on shear zone is higher than that
of soil mass above and below the shear zone (Long et al., 2007). The authors
hypothesized that the shear zones were related to pedological soil acting upon a
relatively impermeable layer, causing higher water content on shear zone. To
the phenomena existed, we need more detailed study to clarify the effect of

water content change on strength behavior of a soil during wetting and shearing.
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However, the strength behaviors of soil under different water contents dry to
saturated conditions have been studied in less detail. Furthermore, there is no
research concerned with water change within samples with various water
contents during shearing and its relation with strength behavior of soil.

In this paper, we examine loess samples taken from a landslide, occurring
on Jiuzhoutai area of Lanzhou City, China. The approach of our research is to
investigate experimentally, using a ring shear apparatus, the strength behavior
of the loess samples suffered large shear displacement at different normal
stresses by varying water content. The main purpose of our research is to study
the effect of water content on residual strength behavior of the loess. We focus
on analyzing variation of residual shear strength parameters (cohesion and
friction angle) of soil with different water contents, and pay special attention to
the water content change at different layers within samples after shearing and its
relation with the residual shear strength parameters. The results of our research
showed that water migration on shear zone can afford a new understanding to

mechanisms triggering loess landslides, especially in unsaturated settings.

2 Material and methods

2.1 Testing sample



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

We took loess samples from a landslide, occurring on Jouzhoutai area of
Lanzhou city, Gansu Province, China (Fig. 1). Many landslides occurred without
direct triggers such as rainfall or earthquake, and this landslide was a typical
case. Despite the modest volume involved, this kind of landslide has caused
many fatalities and much destruction, due to their high velocity along steep slope
and the absence of incipient movement evidence.

The loess is an aeolian silt with a mean particle diameter of 0.018, coefficient
of uniformity of 5.50 and coefficient of gradation of 1.05. The grain size
distribution of the loess samples is presented in Fig. 2. The sample
approximately is consisted of about 92% silt, 7% clay and 1% sand. Some basic
physical properties of the samples are listed in Table 1. It has low plastic limit,

low in-situ bulk density and greatly natural void ratio.

2.2 Sample preparation

The samples were prepared in terms of different initial water contents.
Distilled water was first added to oven dried samples to reach the desired water
contents and the samples were stirred evenly. Then, the samples were sealed
by thin plastic film and stored for 24 hours in an air-conditioned room such that
the sample has uniform distribution of moisture. After that, the prepared samples

were placed in the shear box using moist tamping method (Finno et al., 1997).
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This method has the advantage that high void ratio specimen can be easily
achieved (Finno et al., 1997). The samples were placed in three layers, and then

each layer was damped to obtain the designed densities.

2.3 Testing apparatus

The ring shear apparatus has been widely used in examining the residual
shear strength of soils for the analysis of slope stability (Bishop et al., 1971;
Bromhead, 1979; Sassa et al., 2004; Wang and Sassa, 2009; Wang et al., 2010).
The ring shear apparatus employed in the present research is the fifth version
(DPRI-5), which was developed by Disaster Prevention Research Institute
(DPRI), Kyoto University (Sassa et al., 2004). The apparatus has a shear box
with 120 mm inner diameter, 180 mm outer diameter, 115 mm height. The
apparatus allows shear tests on soils under drained or completely undrainded
condition. The apparatus has also a special structure that prevents soil or water
leakage during long shear displacement.

The schematic of the ring-shear apparatus is shown in Fig 3. The overview of
the apparatus is shown in Fig. 3a. The shear mode of a sample in the
torque-controlled ring-shear apparatus was shown conceptually in Fig. 3b. The
sample in the ring-shear box is laterally confined between pairs of

doughnut-shaped upper and lower confining rings. During the test, the sample is
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loaded normally through an annular loading platen connected to a load piston.
The lower half of the shear box rotates in both directions, driven by a servomotor
through a transmission system, while the upper part is kept steady by means of
two retaining torque arms. Fig. 3c illustrates enlarged diagram of half of the
cross section the undrained ring-shear box and the pore-water pressure
measurement system. The detailed information on ring shear tests can be found

in relevant literatures (Wang and Sassa, 2002; Sassa et al., 2003).

2.4 Testing program and procedure

To measure the cohesion and friction angle at different water contents, 7
tests (T1-T7) were performed for unsaturated loess samples of different water
contents at four normal stresses (50, 100, 150, 250 kpa) by multistage testing
procedure (Stark and Eid, 1994). Another test (Ts) was performed for saturated
loess sample at normal stress of 250 kpa by single-stage testing procedure
(Tiwari and Marui, 2004). Choosing such the two testing procedures is to ensure
least variation of the samples and to obtain identical properties related to these
samples. The testing procedures will be described in detail in the following
section.

To examine whether shear displacement during multistage shearing has

impact on shear resistances of soil, 3 ancillary tests (Te-T11) were performed by
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individual shear tests for unsaturated samples with the same water content at a
given normal stress under different shear displacements (10, 30, 40 cm). The
tests are similar to the single-stage testing for saturated samples. Another 3
ancillary tests (T12-T14) were conducted by single-stage testing procedure at
different normal stresses for saturated samples. These tests aim at achieving
void ratio change before and after shearing for a complete analysis.

To perform multistage testing for unsaturated samples, each sample was
consolidated at initial normal stress of 50 kpa, and then was sheared at a shear
rate of 0.1 mm/s up to steady state at 10 cm shear displacement under drained
condition. Then the procedure was repeated on the same sample for the normal
stresses of 100, 150 and 250 kpa to obtain cohesion and angle friction of the
sample.

To perform single-stage testing for saturated samples, each sample was first
saturated with the help of carbon dioxide and de-aired water. The degree of
saturation was checked by using the Bp parameter proposed by Sassa (1985), in
this study, the samples was fully saturated (Bo = 1.0). The saturated sample was
consolidated at normal stress of 250 kpa, and was sheared at shear rate of 0.1
mm/s up to steady state, i.e., until pore pressure and shear resistance remained
constant. To obtain the friction angle and cohesion of the saturated sample, the

residual failure line (R.F.L.) was measured after the undrained shear test. After

10
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the undrained shearing testing was completed, the upper drainage line was
switched to a drainage condition so that the generated porewater pressure could
dissipate, while the lower part of the ring shear apparatus was kept rotating at a
small constant speed (0.1 mm/s). The stress shifted from Point SSP to Point
RS1, where the generated pore-water pressure dissipated completely.
Thereafter, the loaded normal stress was reduced to a small value at a very slow
rate (0.05 kPa/s) after shearing to ensure the drained condition, while the shear
resistance was measured. The stress moved from RS1 to RS2. The line
between RS1 and RS2 shows the residual failure line (R.F.L.) of this sample.
The measured shear resistance can be regarded as the ultimate shear strength
for this sample at the applied normal stress (Wang et al., 2007).

To analyze void ratio after consolidation (before shearing) and after shearing,
sample height during shearing was recorded concurrently with progress of shear
deformation for all of the tests. Additionally, the initial water content was
calibrated before each sample was placed into shear box. After shearing was
completed, the shear box was opened, and samples were taken from three
different layers (i.e., below, within and above the shear zone), and then their

water content were measured.

3 Results

11
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Because of the imposed sample preparation and testing procedure, the only
difference is water content to the unsaturated samples (T1-T7), apart from the
tests (To-T11) being used to examine the effect shear displacement on shear
resistance. To the saturated samples (Ts, Ti2-Ti4), the testing procedure is
different from that of unsaturated samples. Hence, we present one example of
the unsaturated samples and of the saturated samples, respectively.

Furthermore, the results of the tests (To-T11) were presented completely.

3.1 Effect of water content on shear strength

To exemplify the shear strength behavior at different water contents, results of
unsaturated sample (T4) and saturated sample (Ts) are presented in Fig. 4 and 5,
respectively.

Fig. 4 shows that the results of multistage shear testing on the unsaturated
sample with an initial water content of 12.98% (Ta4). Fig. 4a shows that variation
of shear resistance with progress of shear displacement at four normal stresses.
Fig. 4b shows that the variation of sample height with progress of shear
displacement. In Fig. 4 it can be seen that the shear resistance maintain a
steady state and the sample height decreased gradually with increasing shear

displacement.

12
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Fig. 5 shows that the results of single-stage testing on saturated sample (Ts).
Fig. 5a shows the variation of normal stress, shear resistance, and pore
pressure with progress of shear displacement. It is found that some pore
pressure was built up before peak shear strength, while after failure, pore
pressure showed a sharp increase, and the shear resistance decreased
gradually with progress of shear displacement and finally reached a constant,
l.e., constant volume, constant normal effective stress and constant velocity
(Poulos, 1981). Fig. 5b shows the effective stress path and residual failure line.
The measured shear resistance was regarded as the ultimate shear strength for
the saturated sample, as suggested by Wang et al. (2007).

Fig.6 summarizes the variation of residual shear strength with normal stress
(i.e., failure envelope) on the tests (T1-Ts), ranging from 2.97% to 25.03% in
water content on shear zone. The slope and the intercept of the failure envelope
denoted residual friction angle (¢) and cohesion (C) for each sample,

respectively.

3.2 Effect of shear displacement on shear strength
To examine the effect of testing procedure on shear strength behavior, the
tree tests (To-T11) were conducted at almost the same initial water content

(15.59% +0.03) and the same normal stress of 250 kpa. Fig. 7 illustrates the

13
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results of variation of stress ratio with different progress of shear displacements
(10, 30, 40 cm). As shown in Fig. 7, there is very light increase in stress ratio with
progress of shear displacement, but the effect of the increase was negligible to
define cohesion and friction angle of sample in our tests. The results show that
multistage testing can produce results similar to sing-stage testing, and can
obtain identical properties of sample after test. This finding is consistent with
those observed in clay tests performed by other authors (Stark and Eid, 1994;

Tiwari and Marui, 2004).

3.3 Effect of water content and shearing on void ratio

Fig. 8 shows the variation in void ratio with water content of the samples
(T1-Ts) at four different normal stresses. Fig. 8a plots void ratio after
consolidation (before shearing) against the initial water content before sample
was placed into shear box. Fig. 8b plots void ratio after shearing against the
water content on shear zone after shearing was finished. The void ratio of each
sample was calculated using the variation of sample height after consolidation
and shearing (as shown in Fig. 4b) by the formula (e=Gs/pd — 1), in which Gs is
specific gravity of the sample, pa was dry density of the sample at a given normal

stress.

14
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In Fig. 8, it can be seen that the void ratio of sample decrease with water
content until certain water content threshold, either before or after shearing, and
thereafter it begins to increase and reaches a stable state near saturation. It is
interesting to note that the threshold is about the plastic limit of the samples. This
indicated that the inconsistent change in void ratio is related to the transition of
soil state from plastic to liquid.

By comparing Fig.8a to b, it can be found that the void ratio of the samples
was higher before shearing (after consolidation) than after shearing until a
certain water content threshold (18.47%), the difference decreasing as the
samples are close to saturated condition. It shows that the contraction of the
samples occurred during shearing.

The comparison also showed that the water content after shearing increased
with the reduction of void ratio and is higher than that before test until the water
content threshold (18.47%), after which the water content after test decreased
with increasing void ratio and is smaller than that of before shearing. This result
revealed that the change in water content was accompanied by change in void

ratio during shearing.

3.4 Shearing-induced change within sample

15
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Change of the samples within shear box, here concerning shear zone and
water content, were observed and measured for each test. Fig. 9 shows
example of shear zone formed in our tests and a sketch of water content test.
Observation of shear deformation of the samples showed that an annular shear
zone with a lens-shaped cross section was formed in each test, as shown in Fig.
9a and b. The observation showed that the shear deformation in ring shear tests
was localized in the shear zone. This phenomenon is consistent with that
observed in sand ring-shear tests performed by Wang and Sassa (2002) and
Moore and Iverson (2002).

Fig. 9c presents a sketch of water content test for each test. The samples
were taken from layers below, within and above the shear zone, respectively.
Because the shear zone is thin (as shown in Fig. 9a and b), we collected totally
the shear zone, and divided into three parts. The results showed that the water
content within sample changed along shear zone during shearing for all of the

tests, causing the development of pore pressure gradient in each sample.

4 Discussions
4.1 Volumetric response
In our tests the increase of water content resulted in the samples to

contraction until the water content threshold (18.47%), whereas the continued

16
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increase of water content resulted in the samples to swell compared to the
sample before the water content threshold (as shown in Fig. 8). This process
was explained because the soil is of metastable structure (Barden et al., 1973;
Fredlund and Morgenstern, 1976). Nevertherless, it was well documented that
this process has great impact on the changes in physical and mechanical
properties of the loess due to volumetric change after wetting (Feda, 1966;
Sajgalik, 1990; Derbyshire et al., 1994; Dijkstra, 2001; Kruse et al., 2007). It has
also found that the change in water content on shear zone was accompanied by
the volumetric change during shearing (Fig. 8). To this kind of phenomenon,
Terzaghi et al (1996) have pointed out that it is related to change in density of
soil during shearing, and this can modify shear resistance. Clearly, volumetric
response of soil during wetting and shearing is of great importance to
understand variations of shear strength parameters and water migration in our

tests.

4.2 Cohesion and friction angle

The effect of water content on cohesion (C) and friction angle (¢) is illustrated
in Fig. 10, where C and ¢ are plotted against the water content on shear zone for
the tests (T1-Ts). As shown, with an increase in water content, C increased and ¢

decreased until the water content threshold (18.47%), and thereafter, C
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decreased quickly to zero and ¢ increased lightly and then stabilized at a
residual value. This phenomenon is similar to that obtained in ring shear tests on
the Lanzhou loess performed by Derbyshire et al. (1994) and Dijkstra et al.
(1994). They explained that this phenomenon is related to the bonds between
particles influenced by thickness change of water molecules surrounding
particles when the water content increases. However, the nature of bands
between particles is extremely complex (Barden et al., 1973; Terzaghi et al.,
1996; Craig, 2004). Here, this phenomenon shown in Fig. 10 was explained in
terms of the volumetric change during wetting as follows.

The friction angle should represent only the contribution of physical bonding
to shear resistance for uncemented soil (Terzaghi et al., 1996). This means that
the friction angle of uncemented soil is only dependent on the shear resistance
of soil, which in turn depends on effective normal stress (Terzaghi et al., 1996;
Craig, 2004). Therefore, the friction angel of uncemented soil should be a
function of shear resistance or effective normal stress. In our tests the samples
are not related to cementation because the tests were conducted on completely
remolded samples (Derbyshire et al., 1994; Dijkstra et al., 1994). It is has well
known that the increase of water content and the reduction of void ratio will result
in the increase of the pore water pressure, causing the reduction of effective

normal stress (Barden et al., 1973; Terzaghi et al., 1996; Craig, 2004). Therefore,
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in our tests the friction angle decreased gradually with decreasing effective
normal stress when the water content is continuously close to the threshold
(18.47%), after which the friction angel retained a stable value as the sample
reached constant, i.e. constant volume and constant effective normal stress. The
process is consistent with change in residual shear resistance with increasing
water content, as shown in Fig. 11.

The cohesion of soil is attributed to negative pore water pressure within void
space very small in size between particles (Craig, 2004). The negative pore
water pressure is also referred to as soil suction that mainly depends on pore
size and water content (Fredlurid and Rahurcjo, 1993; Vanapalli et al., 1996;
Craig, 2004). It was well documented that the suction will increase with
decreasing void ratio and water content (Fredlurid and Rahurcjo, 1993; Craig,
2004). In our tests, this appears to have a paradox that the change in suction
with the increase of water content and the reduction of void ratio. However, the
previous research has shown that the suction of silt with metastable structure
increase with decreasing void ratio, even though the water content was always
an increasing variable before a critical value (Matyas and Radhakrishna, 1968;
Fredlund and Morgenstern, 1976). Furthermore, it was well documented that the
Lanzhou loess is typically metastable structure silt (Derbyshire et al., 1994;

Dijkstra et al., 1994; Derbyshire, 2001; Dijkstra, 2001; Kruse et al., 2007).
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Therefore, we concluded that the change in cohesion of the samples is related to
suction of sail, although the suction was not measured in our tests. Before the
water content threshold (18.47%), the cohesion increased due to the increase of
suction, because a reduction in void ratio resulted in a reduction in pore size
between particles, causing the increase of suction. After the water content
threshold (18.47%), metastable structure of soil was destroyed when the water
content increase continuously, and then an increase in void ratio caused an
increase in pore size between particles, leading to the very limited suction and
high pore-water pressure, and as a result, the cohesion deceased rapidly to

Zero.

4.3 Water migration

The water content change within samples for the tests (T1-Ts) was illustrated
Fig. 12 for a better comparison, although the phenomenon of water migration
occurred in all of the tests. In Fig. 12, we found two different types of water
migration on shear zone. The first one is that water migrate towards the shear
zone from the solil layers below and above the shear zone, as the water content
is smaller than 18.47%, and thereafter, the second one occurs, is that water
migrate outwards the shear zone into the soil layers below and above the shear

zone. The comparison of void ratio and water content before and after shearing
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(as shown in Fig. 8) has shown that the water migration, which is related to
volumetric change during shearing, depends on the pre-shear water content.

In our tests, the volumetric change during shearing may be localized on the
shear zone, or is at least very much stronger on shear zone than on soil layers
above and below the shear zone, because the shear deformation was localized
on the shear zone in ring shear tests (Fig. 9a and b). In other words, there is a
distinct difference between shear zone and others position within samples due to
the localization of shear deformation. The kind of difference has been observed
from special attention to shear zone in ring shear tests (Wang and Sassa, 2002;
Wafid Agung et al., 2004; Fukuoka et al., 2006; Wang and Sassa, 2009). The
following explanation to water migration will be focus on the difference.

To the first type, the void ratio of shear zone is lower than that of the soil
layers above and below the shear zone due to localization of shear deformation.
As a result the suction is higher on shear zone than on soil layers above and
below the shear zone, because the suction increase with decreasing void ratio at
a given condition (Fredlurid and Rahurcjo, 1993). Therefore, the water migrated
towards the shear zone during shearing as a result of pore-volume change along
shear zone.

To the second type, the suction of soil is very limited due to high saturation

(Fredlurid and Rahurcjo, 1993; Vanapalli et al., 1999), although the void ratio is
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still lower on shear zone than in the soil layers above and below the shear zone.
However, Terzaghi et al. (1996) have suggested that in saturated soils density
change during shearing is achieved by expelling or by taking in water. Therefore,
the reduction of water content on shear zone is related to the reduction of void
ratio along shear zone. The results in our tests showed that this kind of
phenomena also occur near to saturated soils.

It has been reported that the evident reduction of shear strength on
overconsolidated clay samples was attributed to the light increase of water
content on shear zone in undrained triaxial tests (Bishop, 1961; Skempton and
La Rochelle, 1965), whereas other studies have shown that the reduction of
water content on shear zone can increase the shear strength on saturated
sensitive clay samples in undrained triaxial tests (Taylor, 1951; Crawford, 1961).
The above results, along with our test results showed that the water migration on
shear zone is different for different types of soil, even though the sample were all
located in saturated condition. However, it is clear that the water migration has
great impact on shear strength of soil, and that the effect is dependent on the
type of water migration on shear zone. Furthermore, the magnitude of the effect
of water migration on shear strength may have difference to different soils. The
effect of water migration on shear strength can be concluded as follows,

although in our tests concurrent changes in water migration and mobilized shear
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strength could not be measured. If the water migrate towards shear zone, shear
strength on shear zone may be decease due to the reduction of suction or the
increase of pore pressure. If the water migrate outwards shear zone, the shear

strength may be increase due to the reduction of water content on shear zone.

5 Conclusions

A series of tests were conducted on loess to examine their shear behavior of
using a ring shear apparatus. Based on test results presented in this paper, the
following conclusions can be drawn.

(1) The increase of water content caused the reduction of void ratio of the
samples until the water content threshold of 18.47%, and thereafter, the
continued increase of water content caused the light increase of void ratio then
reached a stable state. Furthermore, contraction during shearing occurred in all
of the tests due to the reduction of void ratio.

(2) The cohesion increased and the friction angle decreased with increasing
water content until the water content threshold of 18.47%, after which the
cohesion decreased quickly to zero and the friction angle increased lightly and
then stabilized at a residual value.

(3) The localization of shear zone was accompanied by shear deformation for

all of the tests. The two types of water migration on shear zone occurred in our
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tests. The water was sucked towards shear zone from soil layers above and
below the shear zone when the water content is smaller than 18.47%, whereas
thereafter the water was expelled shear zone into soil layers above and below
the shear zone.

(4) The effect of water migration on shear strength of soil depends on the
type of water migration on shear zone. The water migration may play a negative
role in decreasing shear strength when water migrate towards shear zone,
whereas it may play a positive role in increasing shear strength when water
migrate outwards shear zone.

(5) There was a same water content threshold for changes in void ratio,
strength parameters and water migration. The threshold is close to the plastic
limit of the samples. All of the changes revealed the dependence of the shear
behavior and the water migration on soil volumetric response during wetting and

shearing.
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Table captions:

Table 1. Basic physical properties of loess used in this study

Figure captions:

Fig.1 Location of study area and sampling site

Fig. 2 Grain size distributions curve of loess used in this study

Fig. 3 Ring-shear apparatus DPRI-Ver.5. (a) Overview of the ring shear
apparatus with a transparent shear box; (b) Sample in ring-shear apparatus; (c)
Cross section through center of undrained shear box of ring-shear apparatus.
Fig. 4 Example of Drained shear test on the unsaturated sample. (a) Shear
resistance against shear displacement at different normal stresses. (b) Sample
height against shear displacement at different normal stresses.

Fig. 5 Undrained shear test on the saturated sample (Ts). (a) Variation of normal
stress, pore pressure, and shear resistance with shear displacement. (b)
Residual failure line and effective stress path.

Fig. 6 Residual shear strength against normal stress at different water contents
one shear zone for the test (T1-Ts).

Fig. 7 Stress ratio against shear displacement on samples with the same water
content at a given normal stress.

Fig. 8 Void ratio against water content at different normal stresses. (a) Void

ration against initial water content after consolidation (before shearing). (b) Void
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ration against final water content on shear zone after shearing at each shear
steps.

Fig. 9 Example of shear zones on the sample T4. (a) Formation of the shear
zone after shearing; (b) Change in basic properties of the shear zone (c) Sketch
map of water content test at different soil layers.

Fig. 10 Cohesion and residual friction angle at different water contents.

Fig. 11 Shear resistance against water content at different normal stresses.

Fig. 12 Water content of samples at different soil layers.
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Table 1. Basic physical properties of loess used in this study

Property (definition and method) Loess
Specific gravity (Gs) 2.71

Initial moist bulk density (g/cm3) 1.50
Initial water content (%) 7.40
Initial void ratio 0.92

Liquid limit (%) 27.74

Plastic limit (%) 17.68
Plasticity index (%) 10.06
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Fig.1 Location of study area and sampling site.
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Fig. 2 Grain size distributions curve of loess used in this study.
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Fig. 3 Ring-shear apparatus DPRI-Ver.5. (a) Overview of the ring shear
apparatus with a transparent shear box; (b) Sample in ring-shear apparatus; (c)

Cross section through center of undrained shear box of ring-shear apparatus.
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