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Abstract: The Heifangtai platform in Northwest
China is famous for irrigation-induced loess
landslides. This study conducted a centrifuge model
test with reference to an irrigation-induced loess
landslide that occurred in Heifangtai in 2011. The
loess slope model was constructed by whittling a cubic
loess block obtaining from the landslide site. The
irrigation water was simulated by applying
continuous infiltration from back of the slope. The
deformation, earth pressure, and pore pressure were
investigated during test by a series of transducers. For
this particular study, the results showed that the
failure processes were characterized by retrogressive
landslides and cracks. The time dependent reductions
of cohesion and internal friction angle at basal layer
with increasing pore-water pressure were responsible
for these failures. The foot part of slope is very
important for slope instability and hazard prevention
in the study area, where concentration of earth
pressure and generation of high pore-water pressures
would form before failures. The measurements of
earth pressure and pore-water pressure might be
effective for early warning in the study area.
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Introduction

Loess with an area of 6.31x105 km?2 represents
about 6.6% of the total area of China (Liu 1985).
Most of these areas are arid, such as Heifangtai in
Gansu Province, Northwest China. Dry loess
usually has high cementation strength, and can
maintain good stability (Lin and Wang 1988), so
earthquakes and excavations become the main
factors triggering loess landslide in these regions
(Derbyshire et al. 1991; Wang 1992; Lei 2001; Li
et al. 2007). However, loess may collapse rapidly
with increasing water content (Derbyshire et al.
1994; Meng et al. 1998), which was one of the most
common triggers of loess landslides all over the
world (Derbyshire et al. 2000; Weidinger et al.
2001; Wang et al. 2004; Xu et al. 2009).
Agricultural irrigation is the most important cause
of the loess landslides on the platform edge in



Heifangtai (Lei 1995; Derbyshire et al. 2000;
Zhang et al. 2009; Xu et al. 2010; Xu et al. 2011).
Xu et al. (2012) showed that there was a rapid
increase of groundwater table due to irrigation, and
they proposed that this increase resulted in more
landslides in this area than lateral area. Wang et al.
(1993) pointed out that the long term retention of
water in loess caused the slope creep deformation
and time-dependent reduction of the soil strength.
Increasing groundwater table will increase pore
water pressure in soil, which might induce static
liquefaction and lead to landslides (Crosta and
Prisco 1999; Gattinoni and Francani 2009).
Irrigation-induced loess landslides are generally
characterized by recurrence; i.e., repeated
landslides occur at the same site. Xue et al. (2011)
calculated the rate of the slope edge retreat in
Heifangtai area from 1977 to 2010 based on DEM
data. He found that the retreating gradually
featured by concave topography formed by old
landslides. Although irrigation-induced loess
landslides have been widely recognized, most
studies were based on laboratory models without
field data, such as flume test. It is a typical
laboratory approach at a reduced scale, through
which data on failure and post-failure can be
obtained (Eckersley 1990). Generally, laboratory
model tests of landslides are not well feasible
because of their limited sizes (Moriwaki et al.
2004). There may be a large difference in stress
filed between model and prototype. Full-scale tests
are prohibitively expensive (Wakeman et al. 1997),
and the results cannot be fully verified because of
many uncertainties in the field. Although
regressive loess landslides are time-dependent
dynamic events, their processes are also difficult to
capture in the field.

Centrifuge modeling technique has been used
to study landslide under similar stress conditions
within relatively small model with increased
acceleration field. Based on the approach, Schofield
(1980), Viswanadham and Rajesh (2009), Lee et al.
(2008) and Ling et al. (2009) investigated soil
slopes instability with various slope angles, heights
and groundwater flow conditions. In addition,
rainfall-induced soil landslides have been wieldy
studied by centrifuge tests (Take and Bolton 2002;
Take et al. 2004; Wang et al. 2010). In particular
the work of Take et al. (2004), the centrifuge model
configuration was consisted in a layered shallow
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deposit 33° inclined over fixed bedrock. The
deposit was composed of two layers, of which the
permeability was differences; i.e., the coarser layer
soils were more permeable than the upper ones.
Their model also imposed hydraulic boundary
conditions by consisting in a seepage water line
source at the upper right corner of the model. The
scale factor equal to 30 was used. Take et al. (2004)
detected that transient localized pore-water
pressures originating from the combination of
particular hydraulic boundary conditions and
stratigraphically settings would result in slope local
failures. This mechanism producing a variation in
the slope geometry cased the transition of slope
post-failure from slide to flow. And static
liquefaction would be likely to occur with the
increase of pore-water pressures if soil was
saturated. Later, the centrifuge model of Take et al.
(2004) was employed by Cascini et al (2013) for
their simulation study. Centrifuge approach also
have been used for other triggering factors that
differ from rainfall, such as excavation (Tamrakar
et al. 2006; Toyosawa et al. 1996) and earthquake
(Zhang et al. 2016; Thusyanthan et al. 2007; Yu
et al. 2008; Wang and Zhang 2014), but the studies
of irrigation-induced loess landslides are limited.

In this study, a typical irrigation-induced loess
landslide (13th Jiaojiayatou landslide) that
occurred in 2011 on the edge of the Heifangtai loess
platform was chosen for our centrifuge modeling
test. A design for simulating irrigation in the
centrifuge test was used. The deformation, pore
water pressure and earth pressure were measured
during the test. The failure processes and
mechanism of irrigation-induced loess landslides
were studied.

1 Case History

The Heifangtai loess platform is located in 42
km west of Lanzhou City, Gansu Province (Figure
1a). In this region, the average annual rainfall is
287 mm while the annual evaporation is as high as
1593 mm (Xu et al. 2011) (Figure 2a). In order to
feed the vast population, the Heifangtai platform
has been converted to farmland since the 1950s
resulting in extensive irrigation. From 2007 to
2010, the annual irrigation volume in this area
increased from 496x104 m3to 609x104 m3 (Wang
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Figure 1 (a) Location of the study area, (b) plan of the study landslide, and (c) the landslides distributing along the
Heifangtai platform edge (the base image was reproduced from Google Earth).

et al. 2004), and the groundwater table has risen
by approximately 16 m since 1980 (Wang 1997;
Derbyshire et al. 2000) (Figure 2c¢). Springs can
commonly be observed at the foot of platform edge
slope. The 15 km2 platform in Heifangtai is famous
for irrigation-induced loess landslides in the world
(Derbyshire et al. 2000). More than 120 failures
have occurred over the past three decades. From
1977 to 2010, the platform cliff retreated by 126 m.
Dense cracks are located around the edge of the
platform.

In this area, March and November are the
months with largest amount of irrigation (Figure
2b). Large numbers of landslides would occur
during and after the period. Irrigation-induced
loess landslides occurring after the peak irrigation
time indicates time-dependent water infiltration. A
new loess landslide, i.e. the 13th Jiaojiayatou
landslide occurred on April 27, 2011. This landslide
is situated on a steep slope (approximately 45°) on
the northeast flank of the Heifangtai platform
(location: N 36°05’00”, E 103°18’00") (Figure 1b,
c). It was a flow-like failure with 75 m long and 120
high. Its deposition buried the highway at the foot
of the slope, further flowing into the Yellow River
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(Figure 1c). The upper layer of the slope is
composed of upper Pleistocene loess that is
approximately 25 to 60 m thick, and the bedrock is
composed of lower Cretaceous mudstone. There is
a thin layer of clay overlying the bedrock (Figure 3).
Several open tension cracks and steps were
observed along the edge of platform after the
landslide. The head scarp of the landslide is a cliff
showing loess joint fissures.

2 Experimental Methodology
2.1 Used centrifuge facility and materials

The test was conducted using the TLJ-500
geotechnical centrifuge facility at the State Key
Laboratory of Geological Hazard Prevention and
Geological Environment Protection (SKLGP) in
Chengdu University of Technology (CDUT) (Figure
4). The TLJ-500 has an effective radius of 4.5 m
and a rectangular rigid soil box with internal
dimensions of 100 cm in length, 100 cm in width
and 60 cm in height. One of the sides of the box is
equipped with transparent lucite material that
forms a window to view the soil model during test.
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Figure 2 (a) Variation of evaporation and rainfall in
each month, (b) irrigation volume and number of
landslides in each month, and (c¢) changes of
groundwater table from 1980 to 2009 (landslide data
from Wang et al. (2004); irrigation data from Xu et al.
(2010)).
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Figure 3 Longitudinal section along the line A-B as
shown in Figure1b.

To retain the original structure of the loess, a
cubic loess block with 1 m in length of side was
taken from the source area of the study landslide. It
was carefully carried to laboratory. Figure 5 shows
the particle size distribution of the loess material.
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The other properties of the loess are summarized in
Table 1. Its content of silt particle (<0.075 mm) is
more than 80 % with a void ratio of 1.19 and a
natural water content of 5.2%.

Figure 4 Photograph of the centrifuge machine.
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Figure 5 Grain size distribution of the loess sample.

Table 1 Properties of the studied loess

Soil properties Value
Dry density (kg/ms3) 1.45%103
Void ratio 1.19
Specific gravity 2.72
Plastic limit (%) 17.0
Liquid limit (%) 24.1
Water content (%) 5.2

2.2 Model construction

If a small scale (n times smaller than full scale)
model is used in a centrifuge model, according to
the centrifuge scaling rule, the model acceleration
should be increased by n times. In our study, the
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maximum acceleration is 200 times gravitational
acceleration, i.e., 200 g.

The centrifuge model was constructed in a
rigid box. The lower part of the model was modeled
using concrete to represent the bedrock (Figure 6).
The 2-cm-thick clay layer on the bedrock was

modeled using clay obtained from the landslide site.

The upper loess layer was constructed using the
cubic block. First, the loess block was whittled to a
model with outside dimensions of 50 cm x 60 cm x
60 cm, and then the semi-finished model was
placed on the clay layer in the model box. It was
then whittled into the final slope geometry as
shown in Figure 6. The gap (1 cm) between the soil
model and the wall of the box was filled with dense
dry loess. Waterproof material was painted on the
model boundaries as shown in Figure 6.

- Landmark

/Gridline

. Isolate water materia

\

~

Bedrock

Figure 6 Model preparation (grid lines, landmarks and
isolate water material).

2.3 Measurement systems

The measurement systems included an image-
capture system and transducers. The image-
capture system included a digital camera and used
the Particle Image Velocimetry (PIV) technique.
The camera, which had a resolution of 5
megapixels, was installed in front of the window of
the model box to record video during the test. The
PIV technique was introduced by White et al.
(2003) from hydromechanics, and has been widely
used to quantify soil displacement behavior in
geotechnical engineering (Stanier and White 2013;
Cao et al. 2015; Fan et al. 2016). This system
consisted of a Charge Coupled Device (CCD)
camera, a data collection computer, a control
computer and image analysis software. The cross
section image of the centrifuge model could be
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taken by the CCD camera through the box window.
To let the cameras get clear images, bright LED
lights were placed in front of the window. Grid
lines and landmarks were drawn on the window
(Figure 6). And the locations of the landmarks
before and after the centrifuge test were recorded
by the PIV system, which were used to calculate the
displacement victors of the landmarks to obtain the
displacement contours in the horizontal and
vertical directions.

2 displacement transducers, 6 earth pressure
transducers and 6 pore pressure transducers were
embedded in the model along two longitudinal
sections (Figure 7). The displacement transducers
are Linear Variable Differential Transducers
(LVDTs) that have a reliable measurement range of
+5 mm. The pore pressure transducers are
cylindrical with a diameter of 33 mm and a length
of 180 mm. They can measure pore pressures up to
400 kPa at a resolution of 0.2 kPa. The earth
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Figure 7 Schematic view of slope model for the
centrifuge test. (a) Front view, (b) top view.



pressure sensors are strain gauge type transducers
with 30 mm in diameter and 13 mm long. Their
reliable maximum earth pressure is 500 kPa.

2.4 Irrigation modeling

In Heifangtai area, the irrigation area was
located at the back of the platform (Figure 1c). The
irrigation water infiltrated downward and flowed
within the basal layer until out at the foot of the
edge slope (Xu et al. 2014). To simulate irrigation
water infiltration in slope, a tank with 60 cm long,
20 cm wide and 59 cm high was designed and
placed at the back of the slope model (Figure 7).
Five rows of 2.5-mm-diameter holes were
distributed on the front wall of the tank, through
which water in the tank could be introduced into
the loess slope. These holes could be individually
opened or closed by irrigation valves to control the
amount of irrigation water.

There was not hydrological process in the
model prior to the centrifuge test. All of the

(c) Second global failure

J. Mt. Sci. (2018) 15(1): 130-143

irrigation valves were closed firstly, and the
centrifuge was spun for 10 min at an acceleration of
10 g to equilibrate the model. After this spinning
stage ended, assuming that the steady state of the
model was reached, all of the irrigation values were
opened after adding water to the tank to a height of
35 cm, and the centrifuge was restarted to an
acceleration of 150 g. The 150-g stage was spun
stably for 6 min to forming a flow field in the model.
And then the acceleration was increased to 200 g.
At this stage the model was stably run for 15 min to
investigate the failure processes. Finally, the
acceleration was decreased gradually to zero to end
the test.

3 Test Results

3.1 Deformation and failures

The slope subsided gradually during the
centrifuge spinning (Figure 8). The subsidence
increased rapidly as the acceleration increased

Globak failuzg..

B2I=07-27 12 M

(d) Third global failure

Figure 8 Photos taken by image-capture system. Time is (a) 987 s, (b) 1045 s, (c) 1407 s, (d) 1681 s respectively.
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from approximately 120 g to 150 g. During the 150-
g acceleration the subsidence curve converged,
which indicated that the model had reached a new
equilibrium. The subsidence increased by 3 mm as
the acceleration increased from 150 g to 200 g.
There was little subsidence after reaching the
acceleration of 200 g. The detected total
subsidence was approximately 23 mm. The
subsidence decreased by approximately 1 mm as
the centrifuge was stopped (Figure 11a).

The observed failures were divided into local
(shallow) failures and global (large) failures. A local
failure was firstly triggered at the foot of the slope
at an acceleration of approximately 120 g (Figure
8a). When the 150 g acceleration was reached, a
global failure (first large failure) with an arc-
shaped sliding surface was occurred in the middle
of the slope (Figure 8b). The second global failure
was occurred as the acceleration increased from
150 g to 200 g (Figure 8c). This failure was
originated at the upper part of the slope and
extended to a relatively flat failure surface. This
failure caused regressing of the platform edge.
During the stage of 200 g, the third global failure
was triggered in the source area of the second one.
The scarp height of the centrifuge model was
largely enlarged due to this failure (Figure 8d). It is
worth noting that two of the three global failures
were triggered during constant acceleration stages
with little subsidence. The other one occurred
during the transition from 150 g to 200 g, when
only slight subsidence was occurred. This
information suggests that irrigation-induced slope
failures might be triggered after the slope
subsidence.

Cracks and water table in the model during
test were detected from the video image. There
sketches were drawn as shown in Figure 9. Cracks
developed at the foot of the slope firstly where
following a local failure. And then, the cracks
formed upward. After the first global failure on the
middle part of the slope, cracks parallel to the edge
of the model developed. It can be found that the
open tension cracks formed the boundaries of the
second and third failures. The failure processes was
characterized by regressive failures. It should be
noted that the water table in front of the slope
increased prior to each global failure, while the
water table in the middle and the back of slope was
almost constant (Figure 9).
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The markers displacements were calculated in
the image analysis subsystem. The results are
shown in Figure 10a. The vertical and horizontal
displacement contours are shown in Figures 10b
and c. The contour lines at the base in both
directions are nearly parallel, which indicates a
linear distribution of displacement. However, both
the vertical and horizontal deformations are
concentrated around the water table suggesting
non-uniform strain due to possible soil creep.

3.2 Pore pressure

The pore pressure data are shown in Figure
11b. The pore pressures at pore pressure
transducers PPT-1 and PPT-4 began to increase
after spinning for approximately 200 sec, which
indicates arriving of the irrigation water. The pore
pressures at PPT-3 and PPT-6, which were located
at the foot of the slope, increased rapidly after
approximately 800 sec indicating the arrival of
irrigation water at the front portion of the slope.
During the 150 g, the pore pressures at PPT-1, PPT-
4, PPT-2 and PPT-5 decreased firstly and then
increased, which indicates the change of pore
pressure generation and dissipate. However, the
pore pressures at PPT-3 and PPT-6 continued to
increase gradually. When the 200 g acceleration
was maintained, the pore pressures of all pore
pressure transducers decreased. Except the third
failure which resulted in a rapid 16-kPa-increase
pore pressure at PPT-2 and PPT-5, the pore
pressure transducers did not response obviously to
the failures. It is because all the failures were
triggered above the pore pressure transducers.

3.3 Earth pressure

Two earth pressure transducers (EPT-4 and
EPT-5) did not work. Therefore, earth pressure
data were obtained from the other four transducers
(Figure 11c). The earth pressures at transducers
EPT-3 and EPT-6 increased to approximately 110
kPa with increasing acceleration at the beginning
of the test, while the earth pressures at transducer
EPT-1 (in the upper part of the slope) and EPT-2
(in the middle part) did not change significantly.
After that, the pressures at EPT-3 and EPT-6
increased unsteadily, which indicated the
occurrence of the local failure at the foot of the
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slope. When the first global failure occurred, EPT-2
had a sudden increase of 48 kPa, but EPT-1 had no
response. After the first global failure, the earth
pressure at the foot of the slope (EPT-3 and EPT-6)
decreased unsteadily until the acceleration
increased from 150 g to 200 g. When the second

failure occurred, EPT-2 had a rapid increase by
approximately 80 kPa. As the 200 g acceleration
was maintained, the pressure at EPT-3 continued
to increase. It had a rapid increase by
approximately 45 kPa due to the third global
failure. After the third failure event, the pressure at
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EPT-3 decreased abruptly by approximately 125
kPa. When acceleration decreasing, the earth
pressures decreased at all of the transducers. It is
important to note that EPT-3 and EPT-6 were
shallow embedded at the foot of the slope, but very
high earth pressures were recorded by them. And
they responded to all failures during test.

4 Discussion

Loess is characterized by well-developed
vertical joints and macroporous structure, and
susceptibility to collapse during wetting, resulting
that loess is vulnerable to water, such as rainfall
and irrigation. Generally, rainfall-induced failures
are characterized by relatively shallow failure on
deposit covering slopes (Cascini et al. 2014). Their
displacements maybe essentially controlled by
their seasonal fluctuations, i.e., wet season with
highest rate of displacement and progressive
reduction as the dry season approaches. And the
seasonal effects may be connected to rainfall
patterns, such as frontal rainfall, hurricane-like
rainfall or isolated convective storms (Cascini et al.
2014). While, irrigation-induced failures are
affected by human agricultural activities. Rather
than rainfall which is a transient even general from
minutes to days, irrigation duration can be as long
as several months per year (Wang et al. 2004).

The behavior of both rainfall-induced failure
and irrigation-induced failure are hydro-
mechanical processes, and their soil strain
behaviors are related to effective stress with
starting wetting stage (Cuomo et al. 2017), but
there is distinct difference between them. During
rainfall, water infiltrates downward in slope. Slope
instability depends on wetting band accompanied
by a decrease in matric suction. The magnitude of
rainfall-induced wetting front suction plays a key
role in the stability, and the factor of safety
dropped rapidly once the critical wetting band
depth reached (Kim et al. 2004). In our case,
although the irrigation area is located at the back of
the platform, water fluxes along the basal layer,
and comes out at foot of platform edge slope
following by rising of the water table. This study
showed that irrigation-induced slide started by
local failures (Figure 9) with transient localized
excess pore-water pressures (Figure 11) due to local

138

variation of the hydraulic conditions in base layer.
Although Sorbino and Nicotera (2013) proposed
that reducing matric suction in unsaturated soils
due to infiltration may be predisposes to slope
failure, our study shows that the localized excess
pore-water pressures is primary for attaining slope
failure.

Although both the acceleration level and water
content changed during our centrifuge test, the two
failures were triggered with g-levels smaller than
the goal value. And the other two global failures
occurred at the stable g-level, i.e., 150 g-level and
200 g-level. These evidences show that the
influence of the change of g-level could be
eliminated during out centrifuge test. It can be
reasonable inferred that these landslides were
mainly induced by the irrigation. Unlike rainfall-
induced loess landslides, which are characterized
by sudden global failures (Ling et al. 2012), or
excavation-induced loess landslides, which will be
stable until reaching a critical excavation angle or
height at the slope toe (Fan et al. 2016). This
centrifuge model test shows that local failure at the
toe of slope is first triggered (I). And then larger
slide is triggered in the middle part of slope (II).
After that, the upper part of slope can be detached
from source area (III). It follows a flow-like shear
failure along the entire slope leaving a deep
concave topography (IV). These processes are
characterized by regressive landslides. Data from
the Geological Survey Center in Xian (Not
published) shows that the studied slope was once
failed in May, 2010. Two cracks with 3 cm in wide
were observed in the middle of the slope after that
failure. And springs were observed at the foot of
the slope. A following global failure occurred in
April 4, 2011, just 23 days before our case (the 13th
Jiaojiayatou landslide). These site evidences
showed that the 13th Jiaojiayatou landslide was a
regressive landslide similar to the observation in
our centrifuge test.

During the centrifuge model test, open tension
cracks generated from bottom to up before slope
failures and then they formed the boundaries of the
following landslides, such as in steps IIT and IV. Xu
et al. (2012) studied the cracks in site near the edge
of irrigated loess platforms in Northeast China.

They classified them as shallow and deeply
penetrating cracks, which control the inflow of
irrigation water. Thus, it is important to consider the



effects of cracks under the combination of
irrigation and precipitation in the stability studies
of irrigation-induced loess landslides. After our test,
cracks were widely developed along the edge of the
model. In site, a lot of open tension cracks and
steps were observed at the edge of platform. The
head scarp of our case is a cliff showing loess joint
fissures (Figure 12). Although our centrifuge model
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=
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is much smaller than the case, these features are
similar to the site, which indicates that centrifuge
model test is a useful method for studying
irrigation-induced loess landslides and that our
test results are reasonable.

Figure 13 shows the earth pressure value at
each failure time of EPT-1, EPT-2 and EPT-3
respectively. It can be found that the earth pressure
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Figure 11 Time series data of centrifuge test. (a) Control signal for acceleration of model and measured displacement,

(b) measured pore pressure and (c) earth pressure.
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at the foot of slope is the highest suggesting an area
of stress concentration before failure. It should be
noted that additional earth pressure should be
applied to the lower part of the model during
centrifuge test. The cause of pressure concentration
may be creeping of upper part. After slope failure,
the earth pressure decreased immediately until the
next failure. Figure 14c shows that the pore
pressure at the foot of the slope (PPT-3 and PPT-6)
increases with increasing earth pressure, but this
feature is not be found at the other two locations
(Figures 14a and b). In addition, Figure 11b shows
that the pore pressures of PPT-1 and PPT-4
decrease around the first global failure even, while
PPT-3 and PPT-6 increase consistently, PPT-2 and
PPT-5 were almost constant. These evidences
suggest that water might be accumulated at the
foot of slope due to the local variation of the
hydraulic conditions in base layer. There might be

New failure

Open tension
cracks

Goentle scgment — N\

©)

Figure 12 Comparison of slope failure model between
field case and test result. (a) Scarp and (b) failure profile
of the field case, (c) slope failure model of centrifuge
test result.
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Figure 13 Earth pressure data of EPT-1, EPT-2 and
EPT-3 at each failure time. The earth pressure at the
foot of slope is the highest, suggesting that there is a
stress concentration area before each failure.
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a critical pore water pressure for slope failure,
which should be considered for hazard prevention.
Thus, for irrigation-induced loess landslide, the
foot part of slope is very important for slope
instability and hazard prevention. Investigations of
pore-water and earth pressures may be useful for
their predicting and early warning.

As shown by our centrifuge test, the failures
mainly occurred in unsaturated part of the model,
suggesting that matric suction of soil is important
for slope stability. The relationship between the
study soil suction and water content was
investigated (Figure 15). The result shows that the
matric suction decreased rapidly with increasing
water content. With water content increasing from
9 % to 34 %, the suction decreased from 120 kPa to
7 kPa. The suction decreased rapidly to almost zero
with further increasing water content. In a loess
slope, there should be an unsaturated zone above
water table. Due to suction decreasing, creeping
occurs in the unsaturated zone. The vertical and
horizontal creeping deformations in the
unsaturated zone may be responsible for the slope
failure above water table and the cracks on slope
and along edge of platform. Cascini et al. (2010)
outlined the existence of slide, flow-like slide, and
slide to flow. Slide is a slope failure occurring
under pore-water drained conditions, while a flow-
like slide occurs under partially or totally
undrained conditions. And flow-like slides are
associated with increase of pore-water pressures.
Their classification was consistent with our study.
The first and second failures in our test were slide
events in unsaturated zone.

To further investigate property of the
unsaturated soil, modified Coulomb failure
criterion was used for partially saturated soil
according to the previous studies (Ling et al. 2009;
Ling et al. 2012),

Tr=c*+0, tang
where t7 is peak shear strength, and c*, o, and ¢
are apparent cohesion, effective normal stress and
angle of internal friction, respectively. If total
normal stress (0,) is constant and pore pressure (u)
increases, the effective normal stress (o, =0.- u)
would decreases. Therefore, the higher the pore
pressure, the lower the shear strength (Zhang et al.
2013). To validate this concept of the study loess
with wetting, a series of direct shear tests were
conducted on the undisturbed loess samples that
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Figure 15 Relationship between the matric suction and
water content of the studied soil.

were identical to the centrifuge model soil. The
tests were conducted on the specimens with
different moisture contents, including 5%, 15%,
25%, and 35%. The results of peak shear strength
were shown in Figure 16a. It shows that the soil at
the 5% moisture content have an apparent
cohesion of 34.9 kPa and an internal friction angle
of 30.7° (Figure 16a). However, the apparent
cohesion and internal friction angle decrease to
18.1 kPa and 15.1°, respectively when the moisture

J. Mt. Sci. (2018) 15(1): 130-143

content increases to 35%. After the centrifuge test,
three samples (S-1, S-2 and S-3) under wetting
front were collected to test their properties ((Figure
16¢). Their water contents ranged from 20.4% to
20.7%. The apparent cohesion and internal friction
angle of S-1 were 16.8 kPa and 14.7°, respectively,
which almost equal to the residual strength
parameters of the undisturbed loess under same
water content condition (Figure 16b). Its void ratio
is only 0.89. However, the strength parameters of
S-2 (19.7 kPa and 19.1°) and S-3 (21.8 kPa and
21.2°) trended to the peak strength parameters of
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Figure 16 (a) Effects of moisture content on direct
shear strength of soil, (b) relationships between suction
and shear strength parameters, and (c) sample locations
after centrifuge test.
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the undisturbed loess. And their void ratios
increase to 1.05 and 1.12, respectively. It is
reasonable to infer that the irrigation water in the
slope changed not only the effective stress but also
the structure of the loess. The creep and structure
collapse of the loess reduced its void ratio that
may result in water table uplift. The increase of
water table, time dependent collapse of soil
structure and creep may trigger static liquefaction
in the basal layer of loess slope. They were
responsible for the instability of loess slope.

5 Conclusion

A centrifuge model test was conducted to
investigate the behavior of a loess slope under
irrigation condition. The variations of pore
pressure and earth pressure in the model were
measured during the test. The deformation
characteristics and failure processes were analyzed
using an image measurement system. The
irrigation-induced failures of the model and the
influence of water content were discussed. The

following conclusions can be drawn from this study.

(1) Irrigation-induced failures of loess slopes
are characterized by regressive landslides. Failure
first occurred at toe of slope, and then in the
middle part. The upper part then detached as a fall
which triggered following flow-like failure.

(2) Cracks were widely developed around edge
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