Creep Behavior of the Slip Zone of a Giant
Slow-Moving Landslide in Northwest China:
The Suoertou Landslide as an Example
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Abstract

The Suoertou landslide, a giant landslide with a volume of 72.85 x 10° m® in Zhouqu
County, Gansu province of China, has been reactivated with a rate ranging from 300 to
600 mm/year since 1990s. The slow-moving dynamic nature indicates that the creep nature
of its slip zone may play one of the predominant roles in the reactivation of the landslide.
To clarify this, creep behavior of the saturated soil collected from the landslide’s slip zone
was investigated via a series of direct shear creep tests. It was found that the creep behavior
of the landslide’s slip soil was strongly dependent on the stress-level for both normal and
shear stresses. It was also found that the accelerated creep stage could not be reached until
the shear stress exceeded 125, 187.5 and 300 kPa and the initial strain rate at 3.141, 3.688
and 4.5 min~, under the normal stresses of 100, 200 and 400 kPa, respectively. Moreover,
both the critical shear stresses and the initial stain rates at which the accelerated creep stage

begins seem to have a linear correlation with the normal stress.
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Introduction

Slow-moving landslides are generally known to undergo
time-dependent deformation, namely creep (Di Maio et al.
2013; Huvaj-Sarihan 2010; Macfarlane 2009; Mansour et al.
2011; Van Asch et al. 2009). The Suoertou landslide, a giant
slow-moving landslide with a volume of 72.85 x 10° m® in
Zhouqu County, Gansu province of China, has been observed
reactivating slowly since 1990s. The slide has caused severe
damage to a road and local communities, and is moving at a
rate ranging from 300 to 600 mm/year (Gansu Geological
Disaster Survey and Design Institute 2012). Since a
landslide’s behavior is largely controlled by mechanical
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characters of its slip zone, it is of great significance to study
the creep behavior of the slip zone to understand the mecha-
nism of the sliding and to forecast the landslide’s moving
dynamic. The creep behavior of landslides is normally studied
via two approaches: displacement monitoring in field
(Corominas et al. 2005; Macfarlane 2009; Mansour et al.
2011; Van Asch et al. 2009) and laboratory testing of creep
behavior of landslides’ slip zones (Bhat et al. 2011; Di Maio
et al. 2013; Huvaj-Sarihan 2010). Due to absence of system-
atic monitoring data, the creep behavior of the Suoertou
landslide’s slip zone was investigated experimentally.

The Suoertou Landslide and Its Slip Zone

The Suoertou landslide was located on the north bank of the
Bailongjiang river, about 1 km upstream of Zhouqu County,
Gansu province of China (Fig. 1). The landslide fully devel-
oped within a regional active fault zone, namely the

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 141
DOI 10.1007/978-3-319-05050-8_23, © Springer International Publishing Switzerland 2014


mailto:jyz5671@163.com
mailto:wenbp@cugb.edu.cn

142 X.-z. Jiang and B.-p. Wen

Pingding-Huama fault zone. The landslide is 3,300 m long
with a width of 80-700 m. The elevations at front and back
of the landslide are 1,300 and 1,970 m, respectively, with a
height difference of 670 m. Boreholes revealed that the
maximum and minimum of thickness of the landslide body
is 100 and 20 m, with an average thickness of 60 m. Its
sliding body consists of grey clayey soil with abundant
carbonate rock fragments in the upper part and dark grey
clayey soil with carbonaceous slate rock fragments in the
lower part. The latter was wet, soft and sludged. The bed of
the landslide is carbonaceous slate cataclasite. The slip zone
of the landslide is a dark clayey seam, with a thickness of
1.3-4.3 m (Fig. 2), developed along the interface between
carbonaceous slate cataclasites and clayey soil. The slip soil
was very wet and highly soft. Groundwater level in the slide
was observed to be 5-26.5 m under the ground surface.
The test soil sample in the study was collected from
borehole ZK3, in the middle portion of the landslide
(Figs. 1 and 2). The sampling depth was 60—-64 m. Basic
physical properties of the sample were presented in Table 1.
Grain size distribution and Atterberg limits of the sample
were obtained in compliance with CNS GB/T50123-1999
(SAC 1999). Results showed that there was 10 % clay
fraction with 52 % silt, 8 % sand and 30 % gravel. The liquid
limit and plasticity indices were 35 and 19, respectively.
X-ray diffraction analysis showed that the sample had pri-
marily quartz, pyrophyllite and clay minerals, which primar-
ily consisted of illite, kaolinite and pyrophyllite with some
interlayered illite/smectite and cholorite (Table 2).

Fig. 1 View of the Suoertou landslide

Testing Program

Consolidated and drained direct shear creep test was adopted
to investigate the creep behavior of the sample. A triple set
direct shear creep test apparatus was employed in this study.

Fig. 2 Slip zone of Suoertou landslide from borehole ZK3

Table 1 Physical properties of the sample

Particle size fraction (mm, %)
Particle density (g/cm®)  Clay (<0.005)  Silt (0.005-0.075)  Sand (0.075-2)  Gravel (>2)  Liquid limit (%) Plasticity index
2.73 10 52 8 30 35 19

Table 2 Mineralogical compositions of the sample

Whole soil (%) Clay portion (%)
Potassium Clay in
Quartz feldspar Siderite Dolomite Plaster Pyrophyllite total 1/S Py I K C
7.5 0.7 2.5 1 0.3 41.3 46.7 7 33 25 29 6

Note: 1/S Interlayered illite/smectite, / illite, K kaolinite, C Chlorite, Py pyrophyllite
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Normal and shear stresses were loaded through weights. The
creep test was carried out following MT/T 895-1998 (State
Bureau of Coal Industry 1998). Shear stresses were applied
in increment. Each level of increment was estimated to be a
fraction of the peak shear stress, which was obtained through
a series of direct shear test under normal stresses of 100, 200,
300 and 400 kPa. The number of fractions was 6-8 in
this study. The next level of increment was applied when
the deformation of the specimen was observed less than
0.01 mm in 24 h. In this study, each shear stress increment
was maintained for at least 1 week.

Since the slip zone was basically below the groundwater
table and had primary particles finer than 2 mm, remoulded
specimens with particles <2 mm were used with a water
content about its liquid limit.

Results
Strain-Time Behavior

Figure 3 shows the strain versus time (y—logt) behavior
under different levels of normal stresses. It could be seen
that the instantaneous deformation (t = 0) occurred once a
shear load was applied, and these deformations became
greater with the increment of shear stress. When the shear
stress was less than 50, 75 and 125 kPa under the normal
stresses of 100, 200 and 400 kPa, respectively, only
attenuating creep was observed, during which shear strain
became constant and the strain rate became nearly zero.
When the shear stress was greater than the value mentioned
above, steady-state flow was observed, during which the
creep rate reached a constant value. When the shear stresses
reached 125, 187.5, and 300 kPa respectively, the specimens
underwent transient attenuating creep, steady creep and then
went into accelerating creep until the specimens failed.
These shear stresses 125, 187.5 and 300 kPa could be defined
as critical stresses corresponding to the normal stresses of
100, 200, and 400 kPa.

The creep behavior of the landslide’s slip zone illustrated
above indicates that it is strongly dependent on the stress
level. Interestingly, the values of shear stress leading to
failure of specimens in creeping shear seem to have an
approximately linear correlation with the normal stress
(Fig. 4). Such correlation could be used to estimate the
creep state of the Suoertou landslide given the sliding mass
thickness, density of its materials and the occurrence of its
slip zone is known. For example, at the sampling site (ZK3),
dip of the slip zone was about 10°, given the slide materials’
bulk gravity is 18 kN/m?, the normal stress and shear stress
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Fig. 3 Creep curves under normal stress of 100, 200 and 400 kPa

are about 1,134 and 200 kPa, respectively. According to the
relationship shown in Fig. 4, shear stress calculated was less
than the critical stress (726 kPa) leading to failure of the slip
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needed for the sample to experience creep from attenuating
state to steady state and to accelerated state. Notably the
initial shear strain rates leading to accelerated creep also had
an approximately linear corelation with the normal stress
similar to those of shear stresses (Fig. 6). On the other hand,
the minimum strain rate (e.g. 2.67e-3 min_' at 240 min in
Fig. 5a, 0.52e—3 min ' at 480 min in Fig. 5b, 6.58e~3 min '
at 240 min in Fig. 5¢) and the time to failure were almost
linearly related as well (Fig. 7). If the displacement of the
landslide is monitored, the slide’s creep state could also
be estimated based on the correlation shown in Fig. 6. Unfor-
tunately, for the landslide no systematic monitoring data has
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Fig. 5 Creep rate behavior of slip soil

been recorded at present. However, in any case, such corre-
lation revealed another criteria that could be used to estimate
the creep state of the landslide.

lgé = A x1g*t +B x1g°t + C x 1g’t+ D x 1gt + E (1)

lge =Axlgt+B (2)
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in which, A,B,C,D ,E are undetermined coefficients; & the
strain rate and ¢ the time.

Conclusion

This experimental study revealed that the creep behavior
of the Suoertou landslide’s slip zone varies with both the
stress level and the initial shear stain rate. Specifically,
the following could be concluded:

1. Creep behavior of the Suoertou landslide’s slip zone was
strongly dependent on the stress level, including both
the normal and shear stresses. When the shear stress less
than 50, 75 and 125 kPa under normal stress of 100, 200
and 400 kPa, respectively, the slip zone underwent an
attenuating creep. Otherwise, it reached steady-state
creep. The slip zone did not reach accelerating creep
until the shear stress were 125, 187.5, and 300 kPa
under normal stresses of 100, 200, and 400 kPa,

respectively. Such critical shear stresses had an approxi-
mately linear relationship with the normal stress. Based
on this relationship, the Suoertou landslide has not
reached accelerated creep yet.

2. Initial strain rate also had a significant control on the slip
zone’s creep behavior. When the initial strain rate was
less than 0.653, 1.023 and 1.529 min~! under normal
stresses of 100, 200, and 400 kPa respectively, the slip
zone was in attenuating creep; otherwise the slip zone
reached steady-state creep. When the initial strain rate
reached 3.141, 3.688, and 4.5 min ', respectively, the
slip zone went into accelerating creep. The initial shear
strain rates leading to accelerated creep also had an
approximately linear correlation with the normal stress.
This could be another criteria to estimate creep state of
the landslide.

. Creep characteristcs of the slip zone revealed in this study
should be just part of its behavior as only one group of
tests has been completed currently. To get more informa-
tion about the creep behavior of the landslide’s slip zone
more tests are needed, which are in progress.
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