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mechanism based on centrifuge model testing:

an example of the Jiangdingya ancient landslide
reactivation in 2018, Gansu Province, China

Abstract The Jiangdingya (JDY) ancient landslide is a large-scale
landslide located in the Bailongjiang River fault zone, Zhouqu
County, Gansu Province. Affected by fault activities, rainfall, river
erosion, and human engineering activities, the JDY landslide has
been repeatedly reactivated and blocked the Bailongjiang River,
causing great disasters. To study the reactivation mechanism of
the JDY ancient landslide, based on field geological survey, the cen-
trifuge simulation tests of the landslide body under 10%, 15%, and
20% water content conditions are carried out. The tests show that
when the water content is 10%, only a few cracks are generated in
the middle and rear parts of the slope by the end of the test, but the
landslide is still in a stable state overall. However, when the water
content is 15% and 20%, the landslide body is damaged, and the
centrifugal acceleration required for slope instability is 100 g and
50 g, respectively. The test analysis shows that the JDY ancient land-
slide demonstrates composite retrogressive sliding. The deforma-
tion starts from the middle and rear parts of the slope, and cracks
are generated. Then, the cracks gradually expand to the front edge.
Under the river erosion influence of the slope toe, the cracks finally
penetrate and cause landslide damage. The deformation process
of the landslide body is mainly divided into four stages: (D con-
solidation; @ deformation initiation (crack formation stage); @
deformation acceleration (crack acceleration development stage);
and @ instability. The centrifugal simulation tests suggest that the
factors for JDY ancient landslide reactivation are mainly affected
by rainfall and pore water pressure, as well as the coupling of slid-
ing caused by the erosion of the river front with the movement
of the middle and rear parts of the landslide caused by rainfall.
At present, the JDY ancient landslide is still in a state of creeping
deformation. It is necessary to pay close attention to the develop-
ment of the cracks at the rear edge of the landslide and strengthen
the prevention measures for landslide deformation instability and
river blocking disasters.

Keywords Jiangdingya - Ancient landslide - Landslide starting -
Centrifuge model test - Reactivation mechanism

Introduction

Due to the complex geological structural activity, topography and
geomorphology, the Bailongjiang River Basin in Gansu Province is
one of the most developed geological disaster areas both in China
and in the world, and characterized by frequent occurrences and
significant reactivations. Ancient landslides generally refer to

landslides that have slipped since the Quaternary period and are
the product of the long-term complex evolution of slopes (Cruden
and Varnes 1996; Zhang et al. 2018). Ancient landslides are mostly
stable but may be reactivated or slip again (Zhang et al. 2018). The
reactivation of ancient landslides might be influenced by natu-
ral factors, such as precipitation, river erosion, and earthquakes,
which might also be induced by human engineering activities
(Yin et al. 2010; Deng et al. 2017). In recent years, ancient landslide
reactivation disasters have occurred frequently and have caused
tremendous losses, which have further attracted the attention of
researchers to investigate ancient landslide deformation and haz-
ards. For example, in the 1950s, the ancient landslide in Wolong
Temple along the Xi’an-Baoji section of the Longhai Railway was
reactivated, with a volume of approximately 2.0 x 10’ m? and the
Longhai Railway was pushed southward by more than 100 m (Li
et al. 2013). In the mid-1990s, the ancient landslide at Badu Station
of the Nanning-Kunming Railway was reactivated, and the treat-
ment cost reached more than 9o million yuan (Li et al. 2013). In
2014, the Oso ancient landslide reactivated again in Washington
State, USA, and the reactivated volume reached 760 x 10* m3, which
buried highway SR530 and caused 43 deaths (Iverson et al. 2015).
Ancient landslide reactivation phenomena has been an important
research topic and problem worldwide (Huang et al. 2011; Sassa and
He 2013; Zhang et al. 2018).

On July 12, 2018, the Jiangdingya (JDY) ancient landslide was
reactivated in Nanyu town, Zhouqu County, Gansu Province
(Fig. 1a), and the newly occurred landslide volume was approxi-
mately 480-550 X 10* m>. The landslide accumulation blocked the
river channel, resulting in a half-dammed lake on the Bailongji-
ang River, which caused a water level rise, the interruption of the
National Highway G345 (Fig. 1b), and the submersion of Nanyu
village and Nanyu Power Station (Guo et al. 2020). Mu (2011) sug-
gested that the JDY ancient landslide exhibits significant sliding
characteristics with several different deeply buried sliding zones
and sliding blocks and that the heavy rainfall, high-steep terrain
of the landslide area, river erosion, and poor geotechnical proper-
ties are the main factors for landslide reactivation. Ma et al. (2020)
deemed that the JDY landslide reactivation was mainly caused by
rainfall based on InSAR detection results and rainfall data analysis
and proposed that the landslide was formed by the coupling of
internal and external dynamics. Although researchers currently
believe that reactivation of the JDY ancient landslide was mainly
induced by rainfall (Guo et al. 2020; Ma et al. 2020), there is still no
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Fig. 1 The Jiangdingya landslide location and reactivation characteristics in 2018. a The location map of the study area; b the landslide distri-
bution characteristics along the Bailongjiang River; c an overview of the reactivated JDY landslide in 2018 (photo by UAV)

clear understanding of the initiation mechanism of the JDY land-
slide. Furthermore, there are no relevant experimental or analysis
results of the starting process and mechanism of JDY landslide
reactivation, as no physical simulation test has been carried out,
constraining disaster prevention and mitigation.

Many ancient landslide reactivation mechanism studies have
been conducted by researchers worldwide. Physical modeling, engi-
neering geological analysis, and numerical simulation are the main
research methods (Zheng et al. 2022). Similar materials are used in
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the physical modeling method to reproduce slope deformation and
failure processes, which can be achieved by simulating the changes
in relevant factors in the slope evolution process and then analyz-
ing its mechanical mechanism and deformation mechanism (Zhao
et al. 2019; Wang and Zhang 2014). Physical modeling tests are the
most intuitive methods for revealing landslide deformation and
damage processes. Because ordinary laboratory small-scale model
tests cannot simulate the in situ stress field and cause gravity dis-
tortion, the test results greatly deviate from actual observations;



however, the centrifuge test can make up for this deficiency (Boylan
et al. 2010; Ng et al. 2016; Chan et al. 2018). The geotechnical cen-
trifugal model test has unique advantages because it can reproduce
a self-weight stress field and the deformation process related to
the self-weight. The centrifugal model test has become a model
test method for ancient landslide reactivation mechanics with
good similarity to the prototype and has been widely used to reveal
the mechanism of landslide disasters (Feng et al. 2013). During a
centrifuge landslide modeling test, high pore water pressures can
be measured and analyzed (Boylan et al. 2010; Chan et al. 2018),
which is an important factor in landslide initiation analysis (Wang
and Jiang 2017). Therefore, in this study, the JDY ancient landslide
reactivation mechanism in 2018 was studied by centrifuge physical
modeling tests. The development process of reactivation deforma-
tion of the JDY landslide under different water content conditions
and the evolution trend of the displacement field in the landslide
damage process were examined. The internal stress—strain response
law and pore pressure growth mode revealed the mechanism of the
JDY ancient landslide reactivation. The research results could help
regional disaster prevention and mitigation and ancient landslide
reactivation mechanism research.

Geological background

Regional geohazard development characteristics

The JDY ancient landslide, which is also named the Nanyu landslide
(Wang et al. 1994; Mu 2011), is located at the foot of Tanyao Moun-
tain and on the left bank of the Bailongjiang River in southeastern
Zhouqu County (Fig. 1), Gansu Province, China. The geological
structure around the JDY ancient landslide is very complex, with
deep incised river valleys and high surface elevation relief, of which
the elevation difference is up to 2300 m. The JDY ancient landslide
is located in the Bailongjiang active fault zone, and the faults are
mainly distributed in the NWW-EW direction, with strong activi-
ties in the Holocene and frequent historical earthquakes. For exam-
ple, in 1879, a strong earthquake of Ms 8.0 occurred in the south
of Wudu County to Wenxian County and caused many earthquake
landslides. The average annual rainfall around the JDY landslide is
approx. 433 mm/a, and the rainfall is mainly distributed form June
to September and accounts for approx. 80% of the annual rainfall
(Jin et al. 2022), and with many torrential rains. The maximum rain-
fall in the last 45 years is approx. 584.1 mm in 2019.

Due to the influence of active faults, historical strong earth-
quakes, rainfall, and human engineering activities in the study area,
a series of serious geohazards occurred in recent years, of which the
most devastating Sanyanyu debris flow occurred on August 8, 2010,
after a heavy rainfall of 97 mm in 40 min in Zhouqu County, Gansu
Province (Zhao et al. 2022), and the Xieliupo landslide experienced
multiple reactivations and slidings (Jiang et al. 2016).

Engineering geology characteristics of the JDY landslide
Characteristics of the JDY ancient landslide
The JDY ancient landslide is distributed in a dustpan shape on the

plane, and the rear wall of the landslide is generally in a chair shape
(Fig. 3). The Pingding-Huama fault of the Bailongjiang fault zone

passes through the middle and rear of the JDY ancient landslide.
According to remote sensing interpretation and field geologi-
cal survey, the JDY ancient landslide is approx. 2.02 km long and
approx. 923 m in height difference between the top and bottom, and
approx.1500-1800 m in lateral width, with an area of 3.11 km?, Guo
et al. (2020) divided the JDY ancient landslide into three zones: the
collapse zone, landslide rock mass deformation zone, and ancient
landslide accumulation zone. The volume of the JDY ancient land-
slide accumulation zone volume is approx. 41 ~ 49 X 10°m?, and
there are obvious reactivation characteristics in the accumulation
zone, where the staggered platform developed on it showed many
reactivations.

The JDY ancient landslide has experienced more than 10
recorded reactivations since its first reactivation in 1807, includ-
ing those in 1982, 1984, 1986, 1988, 1990, 1991, 2007, 2010, and 2018,
among which the four large-scale reactivations in 1991, 2007, 2010,
and 2018 dammed the Bailongjiang River (Wang et al. 1994; Mu 2013;
Guo et al. 2020; Ma et al. 2020). On September 11,1990, millions of
cubic meters of the JDY ancient landslide body were reactivated,
and the reactivated landslide pushed the road at the slope foot to
the middle of the Bailongjiang River, dammed the Bailongjiang
River and caused a cutoff for 8 h (Wang et al. 1994). On June 13,
1991, the JDY ancient landslide reactivated again. The reactivated
landslide was 640-m long, 240-m wide and 30-40-m thick, and the
landslide volume was approximately 6.4 million m3, which dammed
the Bailongjiang River and cut off flow for more than 9 h. The main
factor causing the reactivation of the landslide was the 40-min tor-
rential rain on June 8, which directly induced the occurrence of the
landslide (Wang et al. 1994).

Reactivation characteristics of the JDY landslide on July 12,2018
The volume of the JDY ancient landslide is approximately
640-970 x 10* m3, with a total length of 640-700 m and a width
of 240-250 m (Fig. 2). On July 12, 2018, the JDY ancient landslide
reactivated again. The newly reactivated landslide was in the shape
of a long tongue, with a length of approximately 580 m, a width of
approximately 300 m at the front, 190 m at the middle, 185 m at the
trailing edge, and an area of approximately 0.12 km?. The occur-
rence of landslides is greatly affected by rainfall (Guo et al. 2020; Ma
etal. 2020). A clear sliding shear zone and exposed bedrock can be
seen on the sidewall of the sliding body (Fig. 2a). Based on drilling,
a thick sliding zone composed of intensely broken limestone, slate,
and carbonaceous phyllite was revealed (Fig. 2b), indicating that the
average thickness of the sliding body is approximately 40-50 m, and
the volume is 480-550 X 10* m3. Guo et al. (2020) concluded that the
water content of the JDY landslide sliding zone was 14.03% when it
slipped, which is a typical landslide caused by heavy rainfall.

Engineering geomechanical properties of the sliding zone soils
The sliding zones were surveyed in the steep wall of the JDY land-
slide rear edge, the sidewall of the landslide, and the boreholes in
the middle of the landslide, the depths of Zki, ZK2, Zk3, and Zk4
were 47.7 m, 53.0 m, 61.6 m, and 54.2 m respectively (Figs. 2 and 3),
and revealed the sliding zone depth of 19.0 m, 23.1 m, 27.2 m, and
25.5 m respectively. The sliding zones were characterized with dark
gray, greenish gray contents, and clearly identifiable slip surface
scrapes.
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The tests show that the sliding zone moisture content is high,
and the water content of the surface layer of the sliding zone at
the trailing edge is 9.74%, the water content of the interior of the
sliding zone at a position 0.5 m below the surface of the trailing
edge is 20.76%, and the dry density is 2.01-2.03 g/cm?. The water
content of the sliding zone at the 29.8 m section of borehole Zk3 is
approximately 14.03% (Fig. 2b), with a density of 2.16-2.25 g/cm’,a
cohesion ¢ of 27.0 kPa, and an internal friction angle ¢ of approxi-
mately 30.5°. The borehole Zk3 is located at the middle and front
parts of the sliding body, because there is a drainage phenomenon
during the shearing process, so that the water content of the slid-
ing zone soil at the middle and front parts of the JDY landslide
body is lower than the water content of the sliding zone soils at
the JDY landslide trailing edge. The subsurface water content at
the JDY landslide back edge is closer to the water content of the
JDY landslide initiation stage. According to the mechanical strength
characteristics of different sliding zone soils of the JDY landslide,
the high clay content and high density of the sliding zone soils indi-
cated that the JDY landslide shear zone soils were compressed and
compacted during sliding process, and resulting the shear strength
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of the sliding zone soils at the landslide leading edge is higher than
that of general sliding zone soils. As a result, the JDY ancient land-
slide was characterized with slow sliding in 2018, other than fast
and high-speed sliding.

Experimental methodology

Geotechnical centrifuge test principle

The geotechnical centrifuge model test scales the model to a certain
scale, places it in a centrifuge, and then amplifies the centrifugal
acceleration obtained by amplifying the acceleration of gravity at
the same scale (Wang and Zhang 2014; Zhang, et al. 2017). Because
of the high equivalence of the inertial force and gravity, which make
the stress and strain of the model equal to that of the prototype,
the deformation is similar between the centrifuge model and pro-
totype, and the failure mechanisms of the centrifuge model and
prototype are the same, so that according to the centrifuge model
test results, we can reproduce the deformation and failure process
of the prototype. The basic principle is that the scaled-down physi-
cal model is placed in a large-scale geotechnical centrifuge rotating
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Fig.3 Engineering geological profile of Jiangdingya ancient landslide reactivation and centrifuge physical modeling area
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at high speed, and the model will be affected by high centrifugal
acceleration during the test process. When the centrifugal accelera-
tion is appropriate, the centrifugal force generated by the model is
just right and can be used to compensate for the loss of self-gravity
due to scaling down of geological models (Bowman et al. 2010).

Centrifuges were first used in geotechnical engineering research
in 1973, and geotechnical centrifuges have been widely used in slope
stability and landslide formation mechanism research (Boylan
et al. 2010; Feng et al. 2013; Ng et al. 2016; Chan et al. 2018; Ken-
nedy et al. 2021). For example, the centrifuge tests have revealed
the topping deformation laws of landslides and some landslides
formation mechanism under the influence of rainfall and gravity
(Li et al. 2017; Zheng et al. 2022).

Centrifuge facility

The TLJ-500 geotechnical centrifugal testing machine was used in
this test, which is composed of a centrifuge host,a 9oo kW DC
motor, a data acquisition and transmission system, a drag system,
a monitoring system, a data processing system, a model box, and
a manipulator. The maximum capacity is 500 g-t, and the maxi-
mum centrifugal acceleration can reach 250 g. The maximum size
of the model box is 1.2 m (length) x 1.0 m (width) x 1.2 m (height)
(Table 1).

Landslide physical model
Landslide prototype

Landslide physical modeling was used to inverse and analyze the
JDY landslide reactivation and initiation mechanism in 2018, and
the simulation range was mainly the reactivation zone in 2018
(Fig. 3).

Centrifuge model scale and structure

Prototype size, centrifuge capacity, model box size, nature of the
research problem, and simulation accuracy should be considered
comprehensively in model scale selection. According to the prototype
of the JDY ancient landslide and the scope of the landslide area, the
horizontal distance is close to 600 m, the maximum landslide width is
300 m (leading edge), and the landslide height is 180 m. The maximum
size of the test model box is 1.2 m (length) X 1.0 m (width) X1.2 m

Table 1 Main parameters of the TLJ-500 geotechnical centrifuge

Technical parameters Parameter value

Maximum capacity 500 g-t
Effective radius 4.5m
Acceleration range 10-250 g

Effective load Maximum 5 t under 100 g;

Maximum 2 t under 250 g

Bucket volume 1.4mX1.5mX1.5m

Model box 1.2 mX1.0 mX1.2 m,with a

quality of 1.214 t

(height), and the similar material density and model quality could not
meet the test requirements. Therefore, based on the comprehensively
considered model size and prototype conditions, the design model
size was selected as 1.0 m in length X 0.5 m in width x 0.3 m in height,
and the model scale n was selected as 600. The similarity ratio of
the main physical quantities between the centrifuge model and the
landslide prototype is shown in Table 2. When preparing the model,
the physical quantities of the model were designed in strict accord-
ance with the corresponding similar proportions. According to the
landslide prototype structure, the model structure mainly includes a
sliding bed, a sliding body, and a sliding zone.

Test conditions

To reveal the development process of the reactivation and defor-
mation of the JDY ancient landslide, the landslide body and slid-
ing zone materials taken in the field were used for laboratory test
remodeling. The moisture content of the prepared samples was
close to that of the soil at the rear edge of the landslide, 0.5 m below
the surface, and the sliding zone soil at the depth of the borehole;
the water contents were 10%, 15%, and 20%, respectively. During the
test, the loading centrifugal acceleration was gradually increased to
simulate the landslide instability phenomenon. The test conditions
are shown in Table 3. The test process was mainly divided into the
consolidation stage and landslide deformation simulation stage.

Mechanical parameters of the model material
Sliding bed material

The sliding bed of the JDY landslide is mainly composed of carbo-
naceous slate, phyllite, and sandstone intercalated with limestone.
Before constructing the centrifugal model, a similar material selec-
tion and ratio was first determined according to the three similarity
theorems and the main scale relationship of the centrifugal model
test (Zheng et al. 2022). The sliding bed was finally determined to be
mixed according to a certain weight ratio of barite powder, crushed
stone, quartz sand, gypsum, and water (Table 4).

Table 2 Similarity ratio of the centrifuge model and prototype

Model to Variables Model to
prototype proto-
ratio type
ratio
Acceleration  na Cohesion 111
Length un Internal friction 1:1
angle
Area 1:n* Poisson’s ratio 11
Volume 1:n3 Penetration coef- n:1
ficient
Water content  1:1 Time 1:n*
Density 1:1 Porosity ratio 11
Bulk density n:1 Stress 1:1
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Table 3 Centrifuge model test plans

Number

Centrifuge acceleration loading stage

Water
content

LST-1
under the maintained 50 g acceleration

(1) The acceleration is gradually increased from o to 50 g, and the model rotates at a constant speed for 5 min

10%

(2) The acceleration is gradually increased from 50 to 150 g (2 min per 10 g)
(3) The centrifuge model rotates at a constant speed for a certain period of time at a 150 g acceleration until

slope failure or remains stable

LST-2

(1) The acceleration is gradually increased from o to 50 g, and the centrifuge rotates at a constant speed for a

15%

certain period of time at the maintained 50 g acceleration
(2) The acceleration is gradually increased from 50 to 100 g (2 min per 10 g)
(3) The centrifuge model rotates at a constant speed for a certain period of time at a 100 g acceleration until the

slope failure or remains stable

LST-3
3 min under the maintained 30 g acceleration

(1) The acceleration is gradually increased from o to 30 g, and the centrifuge rotates at a constant speed for

20%

(2) The acceleration is gradually increased from 30 to 50 g
(3) The centrifuge rotates at a constant speed for a certain period of time at the maintained 50 g acceleration

until the slope failure or remains stable

Sliding body, sliding zone material

To reflect the exact physical and mechanical properties of the pro-
totype rock and soil mass of the landslide, the sliding body and the
sliding zone in this test were made of the prototype materials taken
from the landslide field site, and the particle size ratio adopted
was determined according to the on-site material gradation. Minor
adjustments and physical mechanical tests were performed on the
proportioning materials so that the mechanical parameters of the
sliding body and the sliding zone were close to those of the field
site (Table 5).

Measurement systems
Monitoring instruments

There are seven TY1008 earth pressure sensors, three KY1008
pore water pressure sensors, and a multiangle camera were
adopted in this centrifuge simulation test (Fig. 4), of which the
monitoring instruments were specifically developed for the cen-
trifuge by the General Engineering Research Institute, Chinese
Academy of Engineering Physics.

Table 4 Proportioning table of

Material name Material
percentage

According to the “Pressure Sensor (Static) Verification Regu-
lations (JJG 860-94),” the earth pressure and pore water pres-
sure sensors were calibrated according to the factory inspec-
tion results of each sensor before being input into the model.
For example, during the pore water pressure sensors verified,
the digital multimeter HP 34401A was used, the current values
of the pore pressure sensors were tested and recorded twice
under different standard loads, such as o kPa, 200 kPa, 400 kPa,
600 kPa, 800 kPa, and 1000 kPa. According to the statistics and
comparison with the factory value, the calibration results shew
that the three pore water pressure sensors of KY-1, KY-2, and
KY-3 fit well, and their nonlinearities were 0.05% FS, 0.04% FS,
and 0.05% FS respectively, which meet the requirements of the
centrifuge specification and the pore water pressure acquisition.

Monitoring instruments arrangement

All the monitoring instruments were connected to the control
system by cables. The principles of the monitoring sensors lay-
out are as follows:

Table 5 Values of the mechanical parameters of the sliding body
and sliding zone

Water content Material name Model
(cohesion ¢/

Model (angle of
internal friction
¢/°)

kPa)

similar materials for the sliding 10% Sliding body 32.3 35.1
bed Barite powder 40.9% Sliding zone 295 20.6
Quartz sand 27.2% 15% Sliding body  2s5.0 32.9
Gypsum 11.4% Sliding zone 23.2 13.8
Cement 9.1% 20% Sliding body 201 25.2
Water 11.4% Sliding zone 17.0 7.7

132 | Landslides 20 - (2023)



A Earth pressure sensor
= @ Pore pressure sensor i
g = Sliding zone -~ W
%:o High speed camera
5
-
500+ N =
4004 [ || Y-IFWS>\~\_r~
L TY-IN [ 1]
_ N AlTy-6 [ [ IO
300 ~ P s s Y
gy KY-2 Sliding body
|
200 e ry-24 . Y-3 =
\ ‘I\T-TY- L1
100 lidinxbed Sliding zone\\ TY-4
b
o SRR (b)
0 200 400 600 800 1000
Length (mm)

Fig.4 aPhotograph of the TLJ-500 centrifuge test equipment and b the sensors layout for the centrifuge modeling test

1. Arrangement of the 7 earth pressure sensors: The TY-1, TY-2,
TY-3, and TY-4 earth pressure sensors were arranged in the
sliding zone from top to bottom. There were 3 additional earth
pressure sensors distributed at the trailing edge (TY-5), in the
middle (TY-6), and at the leading edge (TY-7) of the sliding
body. The measurement range of the earth pressure sensor was
1.0 MPa, with a diameter of 1.4 cm.

2. Arrangement of the 3 pore water pressure sensors: The three
pore pressure sensors KY-1, KY-2, and KY-3 were arranged in
the sliding zone from top to bottom, and the measurement
range of the pore pressure sensor was 500 kPa, with a diameter
of 1.4 cm. The positions of the TY sensor and the KY sensor
were separated by 2 cm.

3. A multiangle camera: A real-time camera with 20 million pixels
was fixed on the top of the model box and was used to capture
the slope surface displacement and deformation of the land-
slide model.

Centrifuge model making process

The centrifuge model production process mainly included obser-
vation grid production (Fig. 5), sliding bed production, and slid-
ing body and sliding zone (soft layer) production, and the pro-
duced model is shown in Fig. 5.

Analysis of the testing results
Deformation and failures of the JDY landslide

As shown in Fig. 6, in the LST-1 test period, when the water con-
tent of the sliding body was 10%, only a small number of cracks

occurred in the middle and rear of the slope body after testing;
the sliding body did not slide and was not destroyed during the
whole test process.

Figure 7 shows that in the LST-2 test, when the water content
was 15% and the centrifugal acceleration reached 40 g for 9 min,
tensile cracks began to appear in the middle and rear of the slope
body. When the centrifugal acceleration reached 50 g, the cracks
gradually developed, and the cracks were generally arc-shaped,
showing the nature of the pulling cracks. When the centrifugal
acceleration increased from 60 to 100 g, the cracks gradually
developed and penetrated the front edge, resulting in the overall
sliding of the landslide.

From Fig. 8, in the LST-3 test, under the condition of a 20%
water content, the cracks began to appear when the centrifugal
acceleration was only 8 g for 3 min, and when the centrifugal
acceleration increased to 9 g, the cracks developed rapidly. When
the centrifugal acceleration was 13 g for 5 min, the cracks devel-
oped and penetrated to the front edge. When the soil at the front
edge was squeezed by the soil from the rear section of the model,
the soil body at the front edge experienced soil expansion. The
acceleration continued to increase, and the slope continued to
slide and fail (see Fig. 9).

Earth pressure variation analysis

1. When the water content was 10%, according to Fig. 10a, before
the centrifugal acceleration was loaded to 150 g, the earth
pressure gradually increased as the centrifuge acceleration
increased, and the landslide mass and centrifugal acceleration
were linearly correlated and jumped, indicating that the slope
was in a stable state. The values of TY-5 and TY-7 increased
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slowly after the acceleration of the centrifuge was gradually
loaded to 150 g, and the maximum values of TY-5 and TY-7
were 31.36 kPa and 34.77 kPa, respectively. The earth pressure
indicated that the landslide body had been damaged in the
middle, rear, and leading edges, and there was a trend of slight
deformation. Figure 6a shows that there were some cracks in
the landslide body at 9 min, but the whole slope body was still
in a stable state.

2. When the specimen water content was 15%, according to
Fig. 10b, the following results were determined: (D During the
centrifugal acceleration period of 0-45 g, the earth pressure
changing trend was consistent with the centrifugal accelera-
tion changing trend. @ During the centrifugal acceleration
period of 45-60 g, that is, the stage when the tension cracks
began to occur on the slope body surface, the earth pressure

Fig.6 The development
process of cracks on the slope
surface of the LST-1 test model
when the water content is
10%. aThe time is 9 min, and
the accelerationis 50 g; b

the time is 15 min, and the
acceleration is 60 g; ¢ the time
is 16 min, and the acceleration
is 80 g; d the time is 18 min,
and the acceleration is 100 g;
e the time is 19 min, and the
acceleration is 120 g; fthe time
is 28 min, and the acceleration
is150g
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Landslide body

of the TY-2 and TY-4 sensors suddenly dropped during the
test, in the period from 9 to 11 min. The earth pressure drop
was caused by crack occurrence and development in the slope
at the same time (Fig. 7). @ During the centrifugal accelera-
tion stage of 60-100 g, slope cracks developed and expanded
rapidly. From 9.8 to 18 min, the average growth rate of the earth
pressure continued to increase, indicating that the centrifugal
acceleration produced a slight increase, and the earth pressure
increased rapidly. During this stage, the cracks in the slope
developed rapidly in a very short period (Fig. 7d and e). @
When the centrifugal acceleration was maintained at 100 g, the
slope was in an unstable state. When the test progressed to
19 min, the TY-5 value suddenly dropped. At 20 min, the TY-6
value suddenly dropped, and the value of TY-6 fell behind that
of TY-5. This phenomenon indicates that the deformation and




Fig.7 The development
process of cracks on the slope
surface of the LST-2 test model
when the water content is
15%. aThe time is 7 min,

and the acceleration is 30 g;

b the time is 9 min, and the
acceleration is 40 g; ¢ the time
is 10 min, and the acceleration
is 50 g; d the time is 12 min,
and the acceleration is 60 g;

e the time is 14 min, and the
acceleration is 80 g; f the time
is 19 min, and the acceleration
is100 g

failure of the landslide started from the middle and rear edges  Pore water pressure variation analysis
and gradually developed to the front edge of the landslide. The

slope had reached an unstable state. The experimental results A total of 3 pore water pressure gauges, KY-1,KY-2,and KY-3, were
show that JDY ancient landslide deformation is a failure mode arranged in this test (Fig. 4b).

of sliding landslides.

3. When the water content was 20% according to Fig.10¢, the fol-  ; According to Fig. 10a, under the condition of a 10% water con-
lowing results can be determined: (D During centrifugal accel- tent, the KY-1 value shows a negative growth, and the maximum
eration from 10 to 30 g, the cracks were in the development stage. pore water pressure is — 4 kPa, which indicates that the landslide
The increasing trends of TY-3 and TY-4 were basically the same. body was unsaturated soil, and the water body penetrated the
When the test was carried out for 10 min, the increasing trend soil body mainly along the particles. Because there is a water—air
of TY-3 and TY-4 was gradually larger than that of TY-2. With meniscus between the soil particles (Egeli and Pulat 2011), the
a gradual increase in centrifugal acceleration, the increasing measured pore water pressure was negative, and the KY-3 value
trend of the TY-3 and TY-4 values was more obvious. This phe- was larger than that of KY-2 during this period. When the test
nomenon shows that the cracks started from the middle and was carried out for 27 min, the KY-2 value suddenly increased
rear edges, and the thrust power at the landslide rear continu- to a maximum of 11.74 kPa, while the KY-3 value lag behind that
ously increased and was continuously transmitted to the front of KY-2. At 32 min, the KY-3 value suddenly increased, with a
edge of the landslide, resulting in a clearer increase in the earth maximum increase of 10.55 kPa. The pore water pressure values
pressure at the front edge of the landslide. @ At the centrifugal of KY-2 and KY3 suddenly increased because the landslide body
acceleration of the 30-50 g stage, the slope was in an unstable squeezed forward during the test, and tension cracks began to
state. With increasing centrifugal acceleration, the thrust pres- appear in the middle and rear edges, from which the water flowed
sure at the landslide rear section part increased continuously to to the front edge in the sliding body. It can be seen from the earth
the landslide leading edge, resulting in the continuous expansion pressure change trend diagram of Fig.10a that TY-5 was the first
of cracks to the leading edge, and a landslide occurred finally. to undergo deformation and failure, which led to the accumula-

Fig.8 The development
process of cracks on the slope
surface of the LST-3 test model
when the water content is
20%. a The time is 3 min, and
the acceleration is 8 g; b the
time is 4 min, and the accelera-
tion is 9 g; c the time is 5 min,
and the accelerationis 13 g;

d the time is 6 min, and the
acceleration is 20 g; e the time
is 7 min, and the acceleration is
30 g; fthe time is 12 min, and
the acceleration is 50 g
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when the water content is 15%; ¢ landslide failure form when the
water content is 20%

Fig.9 Side view of the landslide state at the end of the centrifuge
simulation test under different water content conditions. a Landslide
failure form when the water content is 10%; b landslide failure form

tion of pore water at position KY-3, resulting in an increase in the
KY-3 value. During the period when the acceleration was main-
tained at 140 g, the pore water pressure first remained unchanged
and then suddenly increased, indicating that the landslide mass
was displaced, deformed, and squeezed during this process, and
the pore water pressure gradually increased.

According to Fig. 11b, under the condition of a 15% water con-

100 g, the KY-2 value gradually increased, and a maximum of
138.21 kPa was attained. According to the earth pressure varia-
tion trend (Fig. 10b) and the landslide crack development pro-
cess (Fig. 8), cracks began to occur in the middle and rear of
the slope. The KY-1 value increased mainly because the water
converges toward the front edge of the slope along the cracks
in the middle and rear of the landslide body.

tent, the KY-2 value increased proportionally with the accelera- 3. According to Fig. 11c, under the condition of a 20% water con-
tion, and the KY-2 value was significantly larger than that of tent, when the acceleration increased to 8 g, the KY-2 value was
KY-1, which indicates that the landslide mass produces forward greater than that of KY-1. The development map of cracks on
extrusion deformation failure during the test. When the test the slope surface in Fig. 10a shows that cracks started to develop
was in the 60-100 g stage, the KY-1 value decreased slowly from in the middle and rear of the slope, and the rear soil was pressed
19.53 to 15.66 kPa. When the acceleration was maintained at forward, causing the KY-2 value to be greater than that of KY-1.
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When the acceleration reached 50 g and the test was carried
out for 15 min, the KY-2 value reached a maximum value of
96.35 kPa. Meanwhile, the slope began to be unstable. During
the period when the acceleration was maintained at 50 g, the
growth rate of KY-1 and KY-2 was slow until it was flat, which
indicates that under the action of a small centrifugal load, the
sliding body produced displacement, deformation, and extru-
sion, and the slope body was in an unstable state, resulting in
significant changes in the pore water pressure value.

Discussion

Analysis of the reactivation and initiation of the JDY ancient
landslide

Variation analysis of the mechanical strength of the sliding zone
soils

Previous studies have shown that landslide occurrences are
mainly caused by a weakening of the mechanical strength of the
sliding zone soil. To analyze the changing characteristics of the
mechanical strength of the sliding zone soil, direct shear tests
were carried out on sliding zone soil before and after landslide
sliding at an LST-3 test water content of 20%. The test results
show that the soil cohesion c is 17 kPa before the landslide occur-
rence and 12 kPa after the landslide; that is, there is a 5 kPa or

29.41% reduction in the sliding zone cohesion ¢ due to sliding.
The internal friction angle ¢ is 7.76° before the landslide occur-
rence and 5.58° after the landslide; that is, there is a 2.18° or
28.09% reduction in the internal friction angle ¢ due to sliding.
When the water content of the landslide model is 20%, the defor-
mation of the landslide greatly weakens the mechanical param-
eters of the sliding zone soil and induces a landslide occurrence.

Analysis of the landslide deformation process
Ma et al. (2020) deemed that rainfall is the main inducing factor of
the JDY landslide reactivation, and they found that the precipitation
was concentrated at 30-39 h before the landslide by the InSAR detec-
tion results and rainfall value. Infiltrating rain increases the water
content (Ma et al. 2020) and pore pressure of the landslide (Wang and
Jiang 2017). The landslide centrifuge physics simulation test indicates
that the JDY landslide deformation is mainly controlled by the water
content, and the deformation and failure gradually develop from the
middle and rear of the slope. When the water content is 15%, the centrif-
ugal acceleration at the beginning of cracks is 40 g, and the centrifugal
acceleration at the time of instability is 100 g. However, when the water
content is 20%, the centrifugal acceleration at the crack beginningis 8 g.
The instability occurs when the centrifugal acceleration reaches 50 g.
According to the test, the deformation process of the landslide
can be divided into the following three stages: (1) the deformation
initiation stage, in which the cracks in the middle and rear of the slope
begin to appear; (2) the deformation acceleration stage, in which the
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middle and rear cracks develop and expand rapidly to the frontedge  landslides were more likely to be induced. Ren et al. (2013) believed that
of the slope; and (3) the instability stage, in which the tensile cracks ~ when rainfall reaches 30 mm in Zhouqu County, Gansu Province, large-
expand and penetrate on the slope surface, a potential sliding zoneis  scale landslides can be easily induced. The accumulated rainfall in the

formed, and a landslide occurs. JDY area within 15 days, from June 25 to July 10, exceeded 300 mm. Guo
et al. (2020) believed that the rainfall reached a heavy rainfall level of
The effect of rainfall on the reactivation of ancient landslides 65 mm on July 10,and the relatively concentrated rainfall eventually led

to the overall instability of the JDY landslide. Because the structure of
Rainfall is one of the main factors that induce large-scale landslides. ~ the JDY landslide is loose and there are many cracks, it is easy for heavy
Lumb (1962) found that when the rainfall exceeded 100 mm within  rainfall to pass through the cracks to form infiltration channels. The
24 h or the rainfall exceeded 350 mm within the previous 15 days, rainfall infiltrates the sliding zone, which increases the water content

Fig. 12 The reactivation pro-
i ~ ~ e ~o
cess model of the JDY ancient Back wall of reactivated (4 C‘ 4‘;:‘ o
landslide on July 18,2018. a landslide in 1991 ) > » 7 Ay
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and softens the mechanics of the sliding zone soils. At the same time,
the infiltrated rainfall forms the upper layer of stagnant water in the
relative aquifer (carbonaceous slate), which increases the weight of
the rock and soil mass, resulting in an increase in the sliding force and
finally leading to the occurrence of the JDY landslide.

Influence of excess pore water pressure on landslide initiation
during landslide deformation

The critical pore pressure for landslide initiation is mainly con-
trolled by the density, the effective porosity of the slope rock and
soil, the thickness of the overlying rock and soil on the potential
slip surface, the cohesion and internal friction angle of the slope
components, and the slope angle (Skempton and Delory 1957).

Uwc=pgz<1— tan0>+ Z (1)

tan @ tan @

In Eq. 1, the 0 is the inclination angle (°) of an inclined weak
surface on the landslide, p is the density of the rock and soil mass
(g/cm?), g is the acceleration of gravity, z is the depth of the poten-
tial slip surface (m), c is the cohesion of the rock mass and soil
mass (kPa), and ¢ is the internal friction angle of the rock mass
and soil mass (°). According to Eq. 1, the critical pore pressure
U,.=67.27 kPa can be obtained by taking 6 =30°, p=2.16 g/
cm’®, g=9.8 m/s*,z=0.3 m, c=27 kPa, and ¢ =30.5°. When the water
content of the slip body is 10%, the maximum pore water pres-
sure is 11.77 kPa, which is less than the critical pore water pressure.
However, the maximum pore water pressure in the test is 138.21 kPa
and 96.35 kPa in the cases of 15% and 20%, respectively, which are
both higher than the critical pore water pressure and eventually
cause landslide slip.

The JDY ancient landslide reactivation mechanism

The reactivation mechanism of the JDY ancient landslide is very
complex. The fractured rock and soil and the structural charac-
teristics of the slope formed under the action of a fault and an
earthquake provide the internal triggers of landslide reactivation.
Heavy rainfall increases the weight of the slope and weakens the
mechanical strength of the rock and soil. In particular, the strong
river erosion formed during the rainstorm period further cut the
slope toe, thereby inducing landslide reactivation, which is a typi-
cal retrogressive landslide (Guo et al. 2020), and ancient landslide
reactivation may occur under the coupling of internal and external
dynamic geological conditions (Guo et al. 2020; Ma et al. 2020).
According to the centrifuge physical modeling test results, com-
bined with the field investigation, this study suggests that rainfall
caused the water content to increase in the middle and rear parts of
the JDY ancient landslide (Fig.12) and that tension cracks initiated
in the middle and rear parts, which subsequently induced the push-
ing effect. Under the river erosion and traction effect, a new com-
posite retrogressive landslide reactivation model of the JDY ancient
landslide was formed. That is, the coupled initiation mechanism of
the river erosion and traction effect from the landslide front and

the pushing effect from the middle and rear parts of the landslide
eventually led to the reactivation of the JDY ancient landslide.

Centrifuge model tests have played an increasingly important
role in landslide formation mechanism studies. In this study, the
JDY ancient landslide reactivation process was analyzed by tradi-
tional monitoring sensors in centrifuge tests, such as earth pressure
and pore water pressure sensors, and positive study results were
obtained. In recent years, centrifuge tests have been used in com-
plex landslide simulation analyses with new monitoring technology
methods, such as fiber Bragg grating (FBG) sensing technology (Li
et al. 2017; Zhang, et al. 2017), particle image velocimetry (PIV)
(Weng et al. 2017), and point laser sensors (Archer and Ng 2018).
The study results indicate that the centrifuge test combined with
new monitoring sensors can obtain more precise displacement
and deformation of the sliding body, as well as the soil pressure
change of the landslide body before and after sliding. Therefore, the
FBG, PIV, and point laser sensor are suggested to be used in future
landslide centrifuge test studies to acquire and study the landslide
deformation process.

Conclusions

In this paper, the reactivated JDY ancient landslide was taken as
the main study prototype. Based on field investigations and sliding
zone soil mechanics tests, the centrifuge model tests were carried
out to study for the JDY landslide reactivation process, and the fol-
lowing conclusions and understandings were obtained.

First, rainfall is the main influencing factor for ancient landslide
reactivation. The rainfall causes the soil water content to change,
which reduces the soil strength to a certain extent. Rainfall causes
changes in pore water pressure in the soil, which reduces the anti-
sliding force of the soil. Therefore, the stability of the slope is
reduced, which further leads to landslides.

Second, according to the slip-initiating process simulation of
the landslide with different water contents, the variation law of soil
pressure and pore water pressure was obtained when the landslide
failed. The test also shows that the deformation and failure of the JDY
ancient landslide develop gradually from the slope middle and rear.
The smaller the centrifugal acceleration is, the larger the water content
required for the landslide to start. When the water content is 15% and
20%, the centrifugal acceleration required for the slope stability to be
lost is 100 g and 50 g, respectively. When the water content is 10%, only
a small number of cracks occur in the middle and rear of the slope
by the end of the test, which is consistent with the actual situation.

Third, the centrifuge model test shows that the JDY ancient land-
slide deformation process is mainly divided into three stages: the
deformation initiation stage, when the cracks begin to form; the
deformation acceleration stage, when the cracks develop rapidly;
and the starting or instability stage.

Fourth, the heavy rainfall is the direct precipitating factor for
JDY ancient landslide reactivation. Heavy rainfall infiltration leads
to a decrease in the strength properties of the sliding zone soils.
Coupled with the river erosion at the leading edge, a new compos-
ite retrogressive reactivation mechanism model is formed, which
is characterized by the river erosion and traction effect from the
landslide front part and the pushing effect from the landslide mid-
dle and rear parts.
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