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Abstract: Because the failure potential of a landslide is difficult to assess, a motorway landslide
that has obviously deformed was used as a case study in this research. Several multi-integrated
geotechniques, including field investigation, drilling, electrical resistivity tomography (ERT), stability
analysis, and numerical simulations, were used to achieve this goal. Field investigation with drilling
was used to roughly determine the failure potential mass boundary and the material composition ERT
technique was further used to distinguish the structure and composition of underground materials;
the results agreed well with the field investigation, as well as the drilling data in the lithology
judgement. The above investigations also showed the failure potential mass is in a slow sliding state
and the slip surface roughly follows the contact zone between the upper soil and bedrock. Next,
stability analysis based on the limit equilibrium method (LEM) was used to judge the current stability
status of the slope, and its factor of safety (FOS) was 1.2 under the natural condition, 1.05 under
the earthquake condition, and 1.15 under the rainfall condition. Based on the assessed potential
slip surface and digital elevation data, a three-dimensional smoothed particle hydrodynamics (SPH)
model was used to simulate the failure potential process. The dynamic information of the run-out
behavior, including velocity, movement distance, and frictional energy, can be obtained, which is
useful for hazard prediction.

Keywords: landslide; smoothed particle hydrodynamics; electrical resistivity tomography; dynamic
analysis; failure potential forecasting

1. Introduction

Landslides are among the most catastrophic and frequent geological disasters in
nature, causing great losses for human beings [1-4]. There is a large number of slopes
that have high potential to slide and form landslides due to their material properties or
external loads such as rainfall, earthquakes, or excavation [5,6]. Although some of these
have traits such as crown cracks and a deformation crest to show they have high potential
to fail in a short time [7,8], their failure potentials, including the potential sliding zone and
potential landslide deposit area, are difficult to determine, and there is no mature method
for studying them. This creates great challenges for landslide prediction and prevention.
Considering there are many metastable slopes in mountainous engineering areas, such as
the Three Gorges Reservoir Area [9,10], it is essential to judge the failure potential area of
these metastable slopes to avoid potential landslides causing great losses.

In recent years, many geotechniques have been developed for landslide investigation
and assessment. Traditional methods to study the failure potential area of the slope rely
on field investigation and drilling technology, which can roughly determine the failure
potential mass [5]. However, using these methods, it is difficult to quantitatively acquire
the failure potential area or slip surface. With the development of geotechniques, some
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semi-quantitative or quantitative methods can be used to quantitatively investigate land-
slides, and to further help determine the potential slip surface. For example, remote sensing
helps to easily visualize the scene and topographic conditions. Multiperiod remote sensing
and interferometric synthetic aperture radar (InSAR) help to determine the scale of the
failure potential mass by judging a large deformation area [11,12]. Geophysical prospecting
techniques, which use various geophysical fields to detect the variation in geological condi-
tions, have become popular in engineering geology. The electrical resistivity tomography
(ERT) technique has been used in landslide investigations, and it can reveal the geological
structure and material composition [13-17]. The limit equilibrium method (LEM) can be
used to determine the most dangerous slip surface and factor of safety by static analysis
when lithology and mechanical parameters are known [5], providing an important way to
assess the failure potential area. Based on knowing the failure potential area, numerical
simulation can be used to assess the post-failure run-out process and affected area. Many
numerical methods can be used for landslide simulation, such as the discrete element
method (DEM) [18-21], smoothed particle hydrodynamics (SPH) [22,23], the material point
method (MPM) [24,25], and the depth-integrated flow method (DIFM) [26,27]. In addition,
geotechnical reliability analysis (GRA) also provides a novel way to evaluate slope stabil-
ity from a probabilistic perspective, and has gained increasing attention in the past two
decades [28-30]. The application of the above geotechniques has helped researchers to
quantitatively assess the failure potential of a landslide.

In this paper, the authors proposed an integrated method to assess the failure po-
tential of a motorway landslide that has deformed obviously but does not slide. A field
investigation was first used to roughly assess the boundary of the metastable part of the
slope, which can be considered as the failure potential mass. Then, the ERT technique with
drilling was applied to further investigate the underground structure and composition.
Later, the LEM was used to assess the current stability status, to determine whether failure
potential assessment is needed. After determining the failure potential slip surface, a
numerical simulation for failure potential assessment based on SPH was carried out, and
the failure-potential-affected area was acquired. A flowchart of the above geotechniques
and processes is shown in Figure 1. This manuscript provides an integrated geotechniques-
based approach for potential landslide failure assessment, which can be used for disaster
prevention and mitigation.

Field investigation

Drilling -— ERT

Material and structure distribution

Slope stability analysig
based on LEM

Potential slip surface

Failure potential
process based on SPH

Figure 1. Flowchart of this work.
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2. Background
2.1. Study Area

The Dabu landslide is located in Dabu county, northwest of Guangdong province
(Figure 2a). The study area belongs to the low hilly landform (Figure 2b). Because it
suffers from strong erosion, valleys are frequently narrow and deep in the study area. The
mountainous slopes are generally between 15° and 30°.
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Figure 2. The study area: (a) general location of the landslide; (b) specific location and topographic
condition of the landslide (the source data is based on SRTM with the resolution of 30 m).

The study area has undergone a transformation including multiple tectonic move-
ments, and, therefore, faults and fractures develop well. These faults further generate many
geological disasters and control the scale of these geological disasters. The rock joints and
fissures around the landslide are extremely developed, with poor integrity, high weath-
ering, chaotic lithology, and poor continuity. The strata around the landslide are mainly
composed of Quaternary sediments, Triassic mudrock, siltstone, and Permian limestone.

The study area has a relatively distinct rainy climate. The average annual rainfall
is between 1300 and 1800 mm, concentrated from April to September. Surface runoff
frequently occurs at the gully, and seepage further promotes the occurrence of landslides.

2.2. Dabu Landslide

Dabu landslide is located on a high slope belonging to an old landslide deposit near
a motorway (Figure 3). The slope belongs to a cutting slope and an anchor frame covers
the middle part of the slope. The composition of the landslide is silty clay, gravel, and
mudrock with gravel. The strongly weathered mudrock is the main body of the slope,
with gravels and mudrock unevenly distributed inside the slope. The slope has not slid
but has obviously deformed. Excavation is considered to be the direct triggering factor
causing the landslide because it changes the original stable stress status and provides space
for slope deformation. Concentrated rainfall is also considered an important triggering
factor because it can infiltrate the fractured rock and be collected in the rock, increasing the
gravity of soils and rocks. In addition, rainfall can soften mudrock as well as clay, reducing
the strength of the materials. The potential sliding boundary of the metastable part can be
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determined from the landform. The rear edge of the landslide is in the shape of a circular
chair. The average width of the landslide is about 100 m, while the average length of the
landslide is about 120 m. The area covered by the landslide is about 8300 m?. The average
landslide thickness is 16 m and the total volume of the metastable part is 13 x 10* m3. The
relative height difference between the front and rear edges is 55 m.

During a field investigation in 2017, metastability phenomena of the slope such as
cracks and a terrain bulge can be observed. It was observed that a drop head formed at the
crest of the landslide (Figure 4a). The drop head can reach the maximum height of 3 m and
maximum width of 3 m. In addition, a large horizonal crack formed at the trailing edge
of the landslide with the length of 38 m and width between 0.2 and 0.4 m (Figure 4b). At
the middle part of the slope, part of the anchor frame was cut by slope deformation and
creep (Figure 4c). Due to different displacements of different parts, some vertical cracks
formed. Obvious deformation also occurred at the front edge of the landslide. Soil around
the landslide shear outlet obviously deformed with some soil blocks falling off (Figure 4d).
After the rainy season in June 2018, the landslide deformation continued to increase. The
maximum height of the drop head increased from 3 to 5 m, and the width increased to 5 m,
indicting the metastable part of the slope continued deforming and has a great possibility
to slide in the future. Once the slope has slid, the landslide would destroy the motorway,
causing the losses of human lives and properties.

Figure 3. Overview of the Dabu landslide based on remote sensing (the photograph of the waste
dump was taken on 12 March 2016).
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Figure 4. Deformation characteristics of Dabu landslide: (a) drop head; (b) crest crack; (c¢) damaged
part of the anchor frame; (d) crest crack of the landslide.

3. Failure Potential of Dabu Landslide
3.1. Electrical Resistivity Tomography Analysis

ERT is a non-invasive geophysical prospecting method for imaging lateral and vertical
variation in subsurface resistivity, and for indirectly mapping geological features. It is an
electro-exploration method that applies an electrical difference to different materials to
distinguish geological bodies with different resistivities by utilizing the distribution of
electricity within electric fields. Based on its characteristics, it was applied to help examine
the underground composition and structure, which were difficult to observe directly. In
this paper, the EDGMD-1 electric apparatus (DFDK Inc., Chongging, China) was used.
Three ERT profiles were set for the examination, named HP1, HP2, and HP3, as shown in
Figure 3. In each profile, 120 electrodes were used with a maximum electrode distance of
10 m. After finishing measuring resistivity, the Surfer software was used to process and
draw the contour map of resistivity. According to field experience, the low resistivity of the
mudrock is from 10 to 100 Qm; the relatively low resistivity of the argillaceous siltstone
is from 100 to 280 (dm; the medium resistivity of the Quaternary deluvial gravelly soil is
from 280 to 500 (dm; and the high resistivity of the malmstone is above 500 (dm, combined
with the drilling data. If the rock and soil have a higher water content, the resistivity
significantly decreases. In addition, in places where resistivity is distorted there often exists
discontinuous structures such as faults. The underground composition and structure can
be judged by resistivity.

Figure 5 shows the ERT results of the three profiles. From the profile of HP1, it can be
found that the upper resistivity of the slope is obviously greater than the lower resistivity
of the slope. In addition, the resistivity of the upper part of the slope obviously varies
along the section. A similar phenomenon was observed from the HP2 and HP3 profiles.
In the horizontal scale from 0 to 150 m, materials at the top of the slope are generally
greater than 500 ()m, indicating the materials are mainly composed of malmstone. In the
upper part of the slope with the horizontal scale from 150 to 450 m, materials are unevenly
distributed argillaceous siltstone, Quaternary deluvial gravelly soil, and malmstone, and
material under this bottom layer is mainly mudrock. Contour lines that bend intensely in
the vertical direction frequently indicate that there is a vertical fault. The rapid change in
the resistivity in the vertical direction indicates that there is an obvious contact interface
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between mudrock and upper materials. Because the permeability of the upper materials is
significantly greater than that of the lower mudrock, the rainwater can easily converge on
the interface during rainfall, softening the contact interface. In addition, rainfall saturates
the upper materials and increases their gravity and sliding force. Therefore, it is concluded
that the contact zone between the upper materials and lower mudrock is the potential slip
surface according to ERT results (Figure 6).
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Figure 5. ERT inverse models for the investigated longitudinal profiles.
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Figure 6. Concluded material composition from ERT results.
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To further determine the potential slip surface, field investigation was used to validate
ERT results. According to the field investigation, the main slip surface of the landslide is
mainly the interior of the Quaternary silty clay with gravel at the middle and rear part
(Figure 7a). The slip surface at the middle and front part is the contact zone between the
gravel layer and mudrock, and the contact zone is generally the broken line. Stria can be
observed from the concluded slip surface (Figure 7b).

Figure 7. Sliding phenomena of Dabu landslide from the investigation and drilling data: (a) slip
surface in the mudrock and the yellow line denotes the position of the slip surface; (b) stria in the slip
surface; (c,d) scratches on the soil samples in the red square.

A drilling technique was also used in the field investigation. Five holes were set in each
profile of HP1, HP2, and HP3 to realize underground material composition and structure.
The composition of materials at different depths is consistent with the ERT results. In
addition, some samples collected from the holes present obvious scratches (Figure 7c,d),
and it was concluded that these scratches were generated by relative movement of failure
potential mass. Depths of these samples are mainly from 10 m to 30 m. Locations of these
samples with scratches are highly consistent with the slip surface determined from ERT
results, further indicating the contact surface is the potential slip surface. The thickness of
the potential slip zone is from 0.5 to 3 m according to the drilling data.

3.2. Stability Analysis

The stability analysis of a slope is based on LEM. LEM is a classical and widely used
method for the calculation of the FOS. LEM is used to statically analyze the slope stability.
Because the slip surface is generated by shear damage, the FOS is defined as the ratio of the
shear strength to the slide force on the slip surface in the LEM, as shown in Equation (1):

[(c+ o tan ¢)dA

FOS = Teda

@

where c is the cohesion of material, ¢ is the internal angle of friction of material, ¢ is the
normal compressive stress on slip surface, and 7 is the shear strength per unit area on the
slip surface. The calculation of forces on the slip surface is based on discrete soil slices. In
the LEM, many supposed slip surfaces of the slope are calculated to acquire the FOS, and
the most critical slip surface corresponds to the minimum FOS value.
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A large number of computational methods are used for LEM to calculate FOS, such
as the Bishop method, Janbu method, Morgenstem—Price method, and unbalanced thrust
transmission method. In each method, different assumptions and principles are adopted to
fit different situations. In this paper, the unbalanced thrust transmission method is used for
FOS calculation considering the slope has deformed obviously and generated unbalanced
force. Based on the slice method, FOS in the unbalanced thrust transmission method can
be expressed as follows:

i=1 j=i
1 n—1

Y| (Wi((1 —ry) cos w; — A sina;) — Rp;) tan ¢; + C;L;) T1 ¥; | + Ru

FOS = = P @)
-1 n—1

Y | (Wi(sinay + A cos a;) + Tp;) [T | + Tn

Ry = Wy ((1 —rp)cos ay — Asin ay) — Rpy )tan ¢, + Cy Ly (©)]
Ty = Wy (sin ay, + Acos ay) + Tpy 4)
j=i
n—1
[Twi = vitpiatpiva-o oo Put (5)

¥j = cos(a; — iy 1) — sin(a; — aj11)tan ¢ (6)

where W; is the weight of the soil slice 7, C; is the cohesive force of the soil slice i, @; is the
friction angle of the soil slice, L; is the length of the soil slice, «; is the dip angle of the soil
slice, A is the earthquake acceleration, r, is defined as the ratio of pore water pressure to
upper load, Rp; is the resistance force of the soil slice i, Tp; is the sliding force of the soil
slice I, R, and T, are total resistance force and sliding force.

After determining the potential slip surface, the FOS of the slope is calculated. The
section of HP2 was selected as the computational section. The failure potential mass was
sliced according to the shape of the potential slip surface. The slip surface in each slice
approximates a straight line to ensure it has the same inclined angle. According to this
principle, the potential slip surface was divided into 11 slides. Three kinds of situations in
which the slope fails under natural gravity, rainfall, and an earthquake were set. For the
rainfall condition, the slope was considered to be saturated and the shear strength of the
soil was set as the saturated shear strength. Except for shear strength, r, was set as 1 in
the saturated slope part. For the earthquake condition, a horizonal acceleration load was
applied to the slope. According to the Seismic Ground Motion Parameters Zonation Map
of China GB18306-2015, the seismic horizonal acceleration was set as 0.1 g, and the seismic
load was calculated using the pseudo-static method. Physical and mechanical parameters
for calculation were obtained from laboratory tests, and are shown in Table 1.

Table 1. Mechanical properties of relevant materials.

Natural State Saturated State
Material Type Weight Cohesion Friction Weight Cohesion Friction
(kN/m?3) C (kPa) @ () (kN/m?3) C (kPa) ()
Quaternary
deluvial 20 5 32 21 4 30
gravelly soil
Mud rock 19.5 14 15 20 13. 14.1
Malmstone 22 14 28.5 22.5 13 27

Based on the Equations (2)—(6), the FOS was calculated. The results show that when
the slope is under the natural condition, the FOS was 1.20. However, when the slope
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experienced rainfall or an earthquake, the FOS value decreased sharply. The FOS of the
slope was 1.15 under the rainfall condition, while the FOS was only 1.05 under the earth-
quake condition. The results show that the stability of the slope was sensitive to the
level of the earthquake. According to the Technical Code for Building Slope Engineering
(GB50330-2013) published by the Chinese Ministry of Housing and Urban-Rural Develop-
ment, when the FOS of a slope is less than 1.35, the slope is considered unstable. Thus,
forecasting the failure potential of the Dabu landslide is essential.

3.3. Landslide Potential Post-Failure Analysis

SPH is a continuum method and it uses pseudo-particles to represent landslides.
The principle of the method is that each pseudo-particle in the computational domain is
approximated by a variable field via an evolving interpolation scheme. The variable value
of a particle of interest can be approximated by summing the contributions from a set of
neighboring particles, which can be expressed as follows:

£ = D W (=il )

]

where f(x) is a function of the particle position vector, p is the density of the particle, m is
the mass of the particle, and W is the kernel function.
The particle movement follows Newton’s second law, which can be expressed in per
unit volume:
pa=F 8

where 7 is the acceleration of the particle and F denotes the resultant force.
F=pg—Vp+uViu )

The first term on the right side of the equal sign is gravity, the second term is the force
generated by the pressure difference, and the third term is the shear force generated by the
velocity difference.

The acceleration of a point 7 in space can be expressed as follows:

_ Ve #VPui

10
Pi Pi 10

a; =

The movement of a node is calculated based on central difference method of Newton’s
second law which is expressed as follows:

. N - N N
(1) = W(i) T D)y L (11)

where il is the node acceleration, # is the node speed, u is the degree of freedom (compo-
nent of displacement or rotation), and the subscript (i) refers to the increment number in
the explicit dynamics step

The rheological behavior of a landslide can be considered as a type of fluid that
requires proper rheological equations in the SPH model. The hydrodynamic behavior of a
landslide has frequently been treated as a Bingham fluid in the literature. A Bingham fluid
is a type of non-Newtonian fluid that begins to flow when the yield stress of the material is
greater than a certain value, and its fluidity is linear. The Bingham shear characteristics can
be treated as follows (Bao et al. 2022):

R R R R R 1fT<T0
77_{ 4(To+k(7—ﬁ>)'“ifT2To (12

where 7 is the viscosity, T is the shear stress, 7 is the shear strain rate, #g is the shear
viscosity at low shear rates, T ¢ is the yield shear stress at low shear rates, k is the flow
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consistency index, and 7 represents the flow behavior indices. In the model, the parameters
1o, To, and k need to be defined.

As a fluid, the equation of state (EOS) can be used to describe the behavior of the
debris flow, which is expressed as follows:

c2 T
p= “"igz)z <1 _ g”) + Top0Em (13)

where p is the material’s density, o is the Cauchy stress, b is the body force, py is the reference
density, ¢ is the reference sound speed, s and I'y are material constants, considered 0 in
fluid simulation [1], and E,, is the internal energy per unit mass.

To know the failure potential area of the Dabu landslide, the SPH method was used
to simulate its post-failure dynamic process. To construct a 3D SPH landslide model, the
digital terrain model (DTM) data with an accuracy of 5 m was used. The DTM data deter-
mine the current ground surface shape. As for the failure potential sliding mass, it was
determined by failure potential slip surfaces in Figure 5, and then it was extracted via the
3D CAD software Rhino. The terrain of the slip surface, as well as the run-out path, were
set as rigid shell elements while the sliding mass was set as SPH elements composed of
36,840 particles. The rheological parameters can be adopted empirically from Pellegrino’s
study [31]. In Pellegrino’s study, yield shear stress Tgp mainly ranges from several Pa to
hundreds of Pa, g mainly ranges from a few tenths to several Pa.s, k mainly ranges from
0 to several tens, and 1 and 1 increase with increasing solid volumetric concentration.
Considering the solid volumetric concentration of the potential landslide can be different,
a group of lower values of tgp = 0.2 Pa, g = 0.4 Pa s, corresponding to solid volumetric
concentration equaling 15% with high rheological mobility, a group of medium values of
19 = 1.2 Pa, g = 1 Pa s, corresponding to solid volumetric concentration equaling 30% with
medium rheological mobility, and a group of higher values of 19 =100 Pa, 19 = 10 Pas,
corresponding to solid volumetric concentration equaling 45% with low rheological mo-
bility, were set for sensitivity analysis. As for the friction coefficient between the failure
potential mass and the slip surface, a residual friction with a value of 0.36 (20°), which
was obtained from the laboratory test, was adopted. The density of the sliding mass was
set as 2000 kg/m3 according to the laboratory test. Considering the main movement of
the giant landslides usually lasts for tens of seconds [5,7], the simulation time was set as
150 s, which was enough for post-failure simulation. Figure 8 shows the initial state of the
numerical model.

v

Potential failure
mass

Ground surface

Constructing motorway.

Building area

Figure 8. Three-dimension SPH model of the Dabu landslide.
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Figure 9 shows the final failure potential area of the landslide under different rheologi-
cal conditions. The simulation result shows that with the increase in sliding mass rheology,
the failure potential area increases slightly, but the failure potential area differences under
different rheological conditions are small in general. An important reason to ensure that
the failure potential difference is not obvious is that terrain bulge limits the longitudinal
movement of the landslide. The sliding mass mainly moves laterally and the maximum
movement distance of the whole sliding mass is about 200 m. If the landslide occurred, the
maximum deposit length along the motorway can reach 400 m under the high mobility
condition, thus threatening engineering construction and human lives.

High rheological mobility Displacement (m)
300

Building avea

Figure 9. Final failure potential area of the landslide under different rheological conditions.

To further quantitively determine how the rheological characteristics of the sliding
mass affect landslide mobility, the authors summarized the landside kinetic energy, fric-
tional energy, and viscous energy under different rheological conditions (Figure 10). It
can be found that kinetic energy increases with rheological mobility. The frictional energy
also increases with rheological mobility. The reason for this phenomenon is that a sliding
mass with high rheological mobility has a greater movement distance, generating greater
frictional energy. As for the viscous energy, it decreases with rheological mobility. This is
because a sliding mass with higher rheological mobility has lower viscosity, so its viscous
energy should be smaller. The same law with the movement distance is that energies are
not very different under different conditions because of limited movement distance.

4x10'°
——High rhinological mobility
Medium rhilogical mobility 3x10'0
-
—— Low rhinological mobility =
o
g 2x10°
w
1x10'0 Low rhiological mobility
Medium rhinoligcal mobility
——High rhinoligical mobility
0
50 100 150 200 (b) 0 50 100 150 200
Time (s) Time (s)

1.4x10"
S Ix10t
>
>
(9]
] 6x1010 ——High rheological mobility
—— Low rheological mobility
-Medium rheological mobility
2x101°
(C) 0 50 100 150 200

Time (s)

Figure 10. Variation in the kinetic energy, frictional energy, and viscous energy under different rheo-
logical conditions ((a—c) represent kinetic energy, frictional energy, and viscous energy, respectively).
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Understanding the dynamic landslide process is important. To realize the dynamic
process of the failure potential landslide, the medium rheological mobility condition was
chosen for the analysis. Figure 11 shows the dynamic process of the Dabu landslide at
different times of 0s,5s,10s,20s, 50 s, and 150 s. To further quantitatively realize landslide
mobility, the average movement speed of the whole sliding mass was also recorded, as
shown in Figure 12. It shows that the potential sliding mass generally has two periods
of acceleration and deceleration. In the acceleration period, the sliding mass rapidly
accelerates during the initial few seconds after slope failure. At the time of 5 s, the sliding
mass reaches the maximum speed of 5 m/s. The sliding mass reaches the bottom of the
slope, and the front sliding mass rapidly decelerates due to collision with the terrain. The
front sliding mass moves laterally due to the terrain bugle, and the back sliding mass also
decelerates. Therefore, the sliding mass starts showing deceleration in general after 5 s.
The sliding mass constantly decelerates, and the deceleration rate also constantly decreases
with time. After 50 s, the movement speed of the sliding mass decreases below 1 m/s, and
then the sliding mass slowly spreads until it completely stops.

T=0s T=Ss T=10s

Velocity (m/s)

Constructing

5 - S -
g # J #
motorway
Buildingarea

Figure 11. Dynamic process of the Dabu landslide at different times.

o
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Figure 12. Average movement speed of the sliding mass.

4. Discussion

There is no direct way to judge the failure potential of a metastable slope at present
and this paper proposed a method based on multi-integrated geotechniques to achieve
this. In general, the integrated method is useful and can be used to successfully assess the
potential post-failure scale of the landslide. The use of multi-integrated geotechniques to
assess the failure potential of the landslide can not only provide useful information at each
stage to ensure they are coherent, but also can be mutually verified to some extent. For
example, the ETR analysis with drilling hole data, as well as LEM analysis, can be combined
to more accurately judge the failure potential sliding mass. Although the methods based
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on integrated geotechniques in this paper are useful, there are still some limitations. For
example, two methods based on LEM and SPH were used for judging potential failure
mass and post-failure movement analysis, respectively, but SPH has the potential to judge
potential failure mass. Combining the judgement of potential failure sliding mass and
post-failure movement analysis in one method is better than using two different methods
to achieve the goal because it is difficult to transition perfectly during the using two
methods. Developing a SPH model combining slope stability analysis, potential failure
mass judgement, as well as post-failure dynamic analysis is important and meaningful. In
addition, the SPH model used in this manuscript is a single-phase model but the sliding
mass actually contains soil and water. A single-phase model cannot reflect the complex
mechanism and process of water moving in soil. Using a fluid-solid coupling model is
essential to further study the two phases of landslide movement [32-34].

Some geotechniques can be replaced with some other methods to fit different condi-
tions. For example, post-failure dynamic analysis based on the SPH model can be replaced
with a DEM model when the material is rock [35]. This is because DEM can reflect material
fragmentation and separation, which are very important behaviors for a rockslide, while
SPH model based on the continuum method cannot reflect these behaviors. If the dynamic
deformation process is required in the slope stability analysis, LEM is not appropriate
because it is based on the static analysis method and cannot reflect the deformation process.
The finite element method (FEM) based on the strength reduction technique can calculate
the FOS and reflect the deformation process at the same time [36]. In addition, FEM has the
ability to analyze the dynamic seepage process under rainfall and the dynamic deforma-
tion process during an earthquake at the expense of more parameters. Using appropriate
methods in the multi-integrated geotechniques is important.

5. Conclusions

In this paper, a comprehensive analysis was carried out to assess the failure potential
of the Dabu landslide. Field investigation shows the slope is deforming slowly and has
a high possibility of failing. ERT results combined with the drilling hole data show the
boundary of the potential failure mass, whose average depth is from 10 to 20 m. Then, the
slope stability was calculated via LEM, to acquire the current stability status under different
conditions, including the natural state, rainfall condition, and earthquake condition. The
outcomes show that the FOS of the slope is 1.2 under the natural condition, 1.05 under the
earthquake condition, and 1.15 under the rainfall condition, so the slope was found to be
metastable and may fail under the above conditions.

Then, a three-dimension SPH model was used to simulate a potential landslide under
different solid volumetric concentration conditions. The results show that the water content
of the sliding mass does not affect the potential movement speed and the deposit area is
significantly restricted by the topography. If a potential landslide occurred, the landslide
would affect motorway construction, and the maximum affected path could reach 400 m
along the motorway. The main run-out process of the potential landslide can be divided
into acceleration and deceleration periods. The acceleration period lasts for 5 s from slope
failure to the point when the front sliding mass collides with terrain. It is worth noting
that the final deposit area of the landslide might not vary much due to the limitation of
the terrain even though the rheological properties of the materials vary greatly. This paper
provides a useful integrated approach for landslide failure potential assessment, which can
be used for disaster prevention and mitigation.
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