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The failure of locked segment-type slopes is often affected by rainfall, earthquake, and other external loads. Rainfall scours the slope
and weakens the mechanical properties of rock-soil mass. At the same time, rainfall infiltrates into cracks of slope rock mass. Under
the action of in situ stress, hydraulic fracturing leads to the development and expansion of rock cracks, which increases the risk of
slope instability. Under seismic force, the slope will be subjected to large horizontal inertial force, resulting in slope instability. In
this paper, a self-developed loading device was used to simulate the external loads such as rainfall and earthquake, and the model
tests are carried out to study the evolution mechanism of landslide with retaining wall locked segment. Three-dimensional laser
scanner, microearth pressure sensors, and high-definition camera are applied for the high-precision monitoring of slope shape,
deformation, and stress. Test results show that the retaining wall locked segment has an important control effect on landslide
stability. The characteristics of deformation evolution and stress response of landslide with retaining wall locked segment are
analyzed and studied by changing the slope shape, earth pressure, and the displacement cloud map. The evolutionary process of
landslide with retaining wall locked segment is summarized. Experimental results reveal that as the landslide with retaining wall
locked segment is at failure, the upper part of the landslide thrusts and slides and the retaining wall produces a locking effect;
the middle part extrudes and uplifts, which is accompanied with shallow sliding; and compression-shear fracture of the locked
segment leads to the landslide failure.

1. Introduction

Landslides can be divided into two types depending on
whether there are locked segments that control landslide sta-
bility: locked segment type and nonlocked segment type [1].
The key to solving the problem of early warning and predic-
tion of landslides is to study the deformation evolution and
instability process of the locked segments that have a con-
trolling role in landslides. From the perspective of the his-
tory of geological evolution, the locked segments are the
“hard” rock-soil mass formed by the long-term geological
evolution at the potential sliding surface. Compared to the
surrounding rock and soil, the locked segments have better
mechanical properties and control landslide sliding. The
geological evolution of locked segments is complex and
diverse. The locked segments can be “harder” boulders or
rocks formed by long-term differential weathering of the

slope, or “harder” intrusive rocks formed by tectonic move-
ment or hard rocks formed by geological transport and
deposition. Locked segment-type landslides are usually large
and have high energy storage. Once they lose stability and
slide, they often lead to high-speed and long-distance land-
slides with strong destructiveness. For locked segment type
landslides, as long as the locked segments of the potential
sliding surface do not form connected fracture surface, there
is no complete failure of landslide even under the influence
of rainfall, earthquake, and other external factors. Therefore,
it is of great importance to study the evolution mechanism
of locked segment type landslide for early landslide identifi-
cation, early warning, and disaster prevention [2–6].

Methods for investigating the evolution mechanism and
prediction of landslides mainly include engineering geologi-
cal comprehensive analysis method, theoretical analysis
method, physical model test method, and numerical
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simulation method [7–13]. Many scientists have confirmed
the existence of locked segments in a number of large-scale
landslides [14–18]. The occurrence of large-scale landslides
is generally accompanied by a sudden brittle failure of
locked segments of the sliding surface [19]. According to
the occurrence characteristics of locked segments, locked
segment type landslides can be divided into five types:
“cross-layer shear,” “bedding direct shear,” “homogeneous
rock bridge,” “retaining wall,” and “supporting arch”
(Figure 1) [2]. According to geological characteristics, the
cross-layer shear type is further divided into two types. In
a stratified slope, a potential slip surface usually intersects
with the layered strata that play the role of the locked seg-
ment, such as an antidip stratified landslide (Figure 1(a))
and a dip stratified landslide whose dip angle is larger than
the slope angle (Figure 1(b)) [2]. Currently, there are many
researches on rock bridge-type landslide [20–25]. Different
locked segment type landslides have different evolution
mechanism and deformation characteristics [26, 27]. Fur-
thermore, the landslide evolution process has complex non-
linear characteristics [4]. Based on the renormalization
group theory and the locked segment concept, Qin et al.
[28] proposed two universal exponential laws for the critical
displacement evolution of landslides and avalanches. The
same study found that the critical instability displacement
of slopes depended on displacement at the onset point of
accelerating creep and the number of locked segments. The
Weibull distribution was used to represent the probability
of block failure in the locked segment under shear condition.
The behavior of brittle failure of rock was studied based on
theoretical analysis. The brittle failure of rock is mainly
caused by the initiation and propagation of cracks [29, 30].
The parameter m of the Weibull distribution can not only
characterize the heterogeneity of rocks but also reflect the

characteristics of the mechanical response of rocks under
the influence of external factors, which can be used as an
index to measure the degree of brittle failure of rock [31,
32]. According to the Weibull distribution and renormaliza-
tion group theory, a damage constitutive model of locked
segment has been established. The creep process of locked
segment type landslide is divided into three stages: primary
creep, secondary creep, and tertiary creep. The volume
expansion point indicates that the slope enters the tertiary
creep stage [33]. Taking the slope sliding displacement as
the main parameter, the relationship of the shear displace-
ment along the sliding surface at the volume expansion
point, peak strength point, and residual strength point was
established, and a physical prediction model of slope insta-
bility was constructed [1, 34]. Rainfall and earthquake are
important external factors that induce landslides [35–45].
For rocky slopes, rainfall infiltrates into rock mass cracks.
Under the long-term action of in situ stress, the water pres-
sure in the rock mass cracks leads to further development
and expansion of the cracks, which reduces the stability of
the slope. Many scholars have studied the influencing factors
[46, 47] and calculation models [48–50] of rock hydraulic
fracture propagation through hydraulic fracturing physical
model test and numerical simulation. Based on the history
of geological evolution, geological environmental conditions,
and engineering geological characteristics of western Henan
Province in China, Liu et al. [15] proposed that the locked
segment type landslides in western Henan mainly included
“bedding direct shear type,” “cross-layer shear type,” and
“retaining wall type.” In the same study, they selected the
Huaipa landslide, the Fengmaisi landslide, and the Dong-
miaojia landslide as a typical locked segment type landslide.
Based on that, the large-scale physical models of different
locked segment type landslides were tested under rainfall
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Figure 1: Classification of the locked-segment type landslides [2].
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conditions. The catastrophe process and the macroscopic
deformation instability characteristics of different types of
locked segment type landslides under rainfall conditions
were revealed, and the failure mechanism of locked segment
type landslides caused by rainfall was expounded [51].

At present, a number of theoretical studies and physical
model tests on the locked segment type landslides have been
conducted, and many results of scientific research have been
achieved. However, there are few studies on the failure
mechanism of landslide with retaining wall locked segment.
Based on a generalized geological model of the landslide
with retaining wall locked segment, this paper designed a
self-developed physical model testing device to investigate
the failure mechanism of landslide with retaining wall locked
segment. The evolution process and deformation character-
istics of landslide with retaining wall locked segment are
analyzed, and the failure mechanism of landslide with
retaining wall locked segment is further revealed. This kind
of research is of great importance for early identification,
disaster warning, and landslide prevention.

2. Materials and Methods

2.1. Experimental Design. In this paper, a series of physical
model tests are performed to study the failure mechanism
of landslide with retaining wall locked segment. The physical
model test device includes a loading system and a model
box, as shown in Figure 2. The loading system is connected
to the DHS 3816 acquisition instrument via a pressure sen-
sor for load measurements. The size of the model box is
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1:15m × 0:5m × 0:8m (length × width × height). The model
test ismainly to study theevolutionary instabilityprocessof land-
slide with retaining wall locked segment. On the basis ofmaking
full use of themodel box space, the size of the landslide model is
set to 1:0m × 0:5m × 0:57m (length × width × height), and
the thickness of the slidingmass is 15cm.

The model test used microearth pressure sensors to mea-
sure the change of earth pressure in model. The earth pres-
sure sensor (DMTY type) is 22mm in diameter, 6.5mm
thick, with measuring range 0-20 kPa, and full scale (FS) pre-
cision less than 0.5%. During the test, earth pressure inside
the slope was recorded using DHS 3816 with the acquisition
frequency of 1Hz. In the model test, five earth pressure sen-
sors were placed at the central axis of the landslide and
located on the trailing edge, middle part, and the retaining
wall of the model landslide. Four earth pressure sensors are
installed on both sides of the landslide (Figure 3). Prior to
the installation of these sensors, they were calibrated to
ensure their sensitivity and accuracy.

The 3D laser scanner FARO X330 was used to measure
the change of the slope shape during the landslide evolution
and instability. The scanning accuracy is ±1mm. During the
test, the slope surface was scanned under each load, and the
slope shape at different stages was recorded by three-
dimensional point cloud data. Then, the three-dimensional
digital terrain models of slope shape at different stages are
constructed in Surfer (Golden Software, Golden, CO,
USA). The deformation characteristics of the slope surface
during the evolutionary instability of a landslide with retain-
ing wall locked segment were studied by the three-
dimensional terrain models at different stages. In order to
reveal the formation and evolution of landslide cracks, a
high-definition camera was used to take regular photographs
of the slope surface (Figure 4).

In order to further monitor changes in displacement
within the landslide model during the test, monitoring
points were set at different positions on the side of the land-
slide model (Figure 5), and the high-definition camera was
used to photograph the side of the landslide at different
times (Figure 4). The photos taken at different times were
calibrated, and the evolution process of deep displacement
was studied by changing the coordinates of the monitoring
points at different times.

The landslide model was loaded through the self-
developed physical model test loading device (Figure 2). A
total of 11 loads were performed, with an average load of
200N/s each time.

2.2. Experimental Materials. The landslide model mainly
includes sliding mass and retaining wall locked segment.
Sandy soil was used as the sliding mass in order to facilitate
the observation of the evolution and instability process of
landslide. The grain size of the soil mass will affect its phys-

ical and mechanical properties and the process of landslide
deformation. Therefore, sand sample was dried and sieved,
and the percentage of different grain sizes (Table 1) and
grain analysis diagram (Figure 6) was obtained. Mechanical
parameters of the soil mass of the model were obtained by
direct shear test (Table 2).

The thickness of the retaining wall locked segment of the
landslide model is 1 cm. It was made by complete mixing of
gypsum, fine sand, and water. The ratio of water : gypsum : sand
was 1 : 0.8 : 1. The cylindrical sample is made by the ratio, and
the sample size is φ50mm × 100mm. The uniaxial compres-
sive strength of the cylindrical sample is 1.12MPa by
YAW6206 electrohydraulic servo pressure testing machine
(Figure 7).

The bedrock of the model is a combination of gypsum,
brick, and mortar, and therefore, it has a high strength and
stiffness.

3. Results

According to the earth pressure and loading process curves
(Figure 8), the landslide was gradually pushed and squeezed
from back to front due to external load, and the earth pressure
increased with increasing load. Under the third load, the earth
pressure measured by the EPS-2 sensor (812 s) decreased. The
reduced earth pressure at this location indicated that the upper
part of the landslide lost its stability and shear cracks appeared
(Figure 9(a)). The cloud map of the landslide displacement
after the third load was obtained by the three-dimensional
laser scanning technique. As shown in Figure 10(a), the dis-
placement of the EPS-2 sensor in the upper part was greater
than the displacement in the middle part and in the front of
the landslide, which further indicated that shear failure
occurred in the upper part of the landslide. At the fourth load,
the earth pressure at the EPS-3 sensor decreased (1244 s) (see
illustration in Figure 8), indicating that the failure occurred in
the middle of the landslide.

Table 1: Model tests soil mass grain content percentage.

Grain size (mm) <0.075 0.075–0.1 0.1–0.25 0.25–0.5 0.5–1 1–2 2–5

Percentage (%) 0.41 0.49 19.23 78.10 0.93 0.28 0.56
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Figure 6: Grain analysis diagram of soil.
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After the shear failure of the upper part of the landslide,
the irresistible load was gradually transferred to the middle
and lower parts of the landslide. At the seventh load, the earth
pressure decreased at the EPS-4 sensor in the middle of the
landslide (2309 s). The reduced earth pressure at this location
indicated that the failure range propagates to the middle of the
landslide. The sliding mass was gradually pushed and
squeezed to the locked segment due to external load, and then
part of the surface soil mass in the middle of the locked seg-
ment slipped under the influence of the external load. The
sliding of the surface soil mass on the locked segment caused
a slight decrease in the earth pressure at the EPS-5 sensor loca-
tion (2675 s), and the retaining wall locked segment was
exposed to the surface (Figure 9(b)). According to the cloud
map of the landslide displacement under seventh load
(Figure 10(b)), the displacement of the middle part of the
landslide further increased under the external load, while the
displacement of the retaining wall locked segment decreased
due to the slipped surface soil mass.

At the tenth load, the landslide was pushed forward under
the external load, and the load on the retaining wall locked seg-
ment gradually increased. The surface soil mass at the retain-
ing wall was widely exfoliated and slipped, and the retaining
wall locked segment was completely exposed to the surface
(Figure 9(c)). According to the cloud map of the landslide dis-
placement under the tenth load (Figure 10(c)), the soil mass
between the retaining wall and the trailing edge of the landslide
was further extruded and uplifted under the external load, so
the vertical displacement was further increased to 0.12m. At
the same time, the surface soil mass on the retaining wall
locked segment slipped in a wide range due to pushing and

squeezing, which resulted in a decrease in the value of vertical
displacement (Figure 10(c)).

According to the earth pressure and loading process
curves (Figure 8), the earth pressure at the landslide sensors
decreased sharply at the tenth load time (3572 s). By analyz-
ing the slope shape (Figure 9) and high-definition photos of
the side of the landslide (Figure 11), it can be noticed that
the landslide was pushed and squeezed to the retaining wall
locked segment under external load, and the load of the slid-
ing mass was transferred to the retaining wall. The locking
effect of the retaining wall caused the soil to extrude and
uplift at the trailing edge of the retaining wall. The load con-
tinued to increase and exceeded the shear strength of the soil
at the trailing edge of the retaining wall, and the landslide
formed a shallow sliding surface that resulted in shallow
instability and failure. Due to the shallow landslide failure,
the earth pressure dropped sharply. As the load continued
to increase, the sliding mass continued to push and squeeze
under the load, and the earth pressure curves increased
again. Then, the part of the sliding mass above the shallow
sliding surface collapsed (Figure 9(c)), and the earth pressure
curves decreased again (3727 s).

As the model continued to be loaded for the eleventh
time, the soil mass at the trailing edge of the locked segment
pushed and squeezed the retaining wall, resulting in
compression-shear fracture failure (Figure 12). The total
landslide failure was caused by the failure of the locked seg-
ment (Figure 9(d)), and the earth pressure decreased sharply
at each sensor (4031 s).

In order to further analyze the deformation process of
the landslide with retaining wall locked segment under
external load, the deep displacement monitoring points on
the landslide side (from DMP-1 to DMP-4) were used
(Figure 5). DMP-1 and DMP-2 were located in the upper
and middle part of the landslide, respectively, while DMP-3
and DMP-4 were placed on both sides of the retaining wall
locked segment. According to the displacement curves of the
monitoring points (Figure 13), displacement of DMP-1 and
DMP-2 increased with the increase of load during the initial
stage of loading and then entered the stable deformation
phase. The displacement of the monitoring points was small
before the compression-shear fracture of the retaining wall
locked segment. The overall landslide failure, caused by the
failure of the locked segment, led to the sharp increase in the
displacement of the monitoring points (Figure 13(a)). The
displacement of DMP-3 and DMP-4 changed slightly with
the load, while it increased sharply after the overall landslide
failure caused by the compression-shear fracture of the retain-
ing wall locked segment (Figure 13(b)). The analysis of the
evolution process of deep displacement and deformation can
further validate the controlling effects of the retaining wall
locked segment on the landslide stability.

Table 2: Model soil parameters.

Name
Dry density
ρd (g/cm3)

Moisture content
ω (%)

Cohesion
c (kPa)

Internal friction angle (°)

Model test soil 1.68 9 0.5 36.2
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4. Discussion

Understanding the failure mechanism of the locked segment
type landslide is of great importance for accurate prediction
of landslide failure [2]. At present, a great deal of research
has been carried out on the classification and instability pre-
diction theory of the locked segment type landslide [1, 2, 19,
26, 28, 31–33].

For landslide with retaining wall locked segment, Chen
et al. [2] classified the locked segment type landslide and

generalized the geological model of the landslide with retain-
ing wall locked segment, but did not carry out experimental
research. Huang [19] analyzed the instability mode of typical
landslide with retaining wall locked segment, but did not
study the entire evolution process of landslide with retaining
wall locked segment from incubation, development to fail-
ure. Chen et al. [26] performed small-scale direct shear tests
of a rock bridge locked segment and indicated that this seg-
ment had typical brittle failure characteristics, but no large-
scale physical model test was carried out. Liu et al. [51]
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carried out the physical model tests to study the catastrophe
process and macroscopic deformation instability character-
istics of the landslide with retaining wall locked segment
under rainfall conditions. However, there are few studies
on the evolution mechanism of landslide with retaining wall
locked segment under external load by physical model test.

Physical model test is an important method to study the
mechanism of landslide evolution. This paper carried out the
physical model test of the evolution mechanism on the land-
slide with retaining wall locked segment. Based on a combi-
nation of sensing elements, the stress response and
deformation characteristics in the evolution process of the
landslide with retaining wall locked segment are analyzed,
and the evolutionary instability process and failure mecha-
nism are discussed. The instability process of the landslide
with retaining wall locked segment can be summarized as
follows. Under external loads such as earthquake and rain-
fall, the trailing edge of the landslide with retaining wall
locked segment is compacted and compressed and then

gradually pushed forward and squeezed. Shear failure and
shear cracks appear successively at the upper and middle
parts of the landslide. After the failure of the upper and mid-
dle parts, the sliding mass is gradually pushed and squeezed
to the locked segment due to external loads. Then, the slid-
ing mass transfers the irresistible load to the retaining wall.
The locking effect causes the sliding mass at the trailing edge
of the retaining wall to be squeezed and raised. With increas-
ing load, shallow slip surface forms and the sliding mass at
the trailing edge of the locked segment pushes and squeezes
the retaining wall, which results in the compression-shear
fracture failure. Failure of the locked segment leads to the
overall failure of the landslide. Based on the evolutionary
instability process of the landslide with retaining wall locked
segment, the failure mechanism is revealed.

At present, there are few monitoring methods for deep
displacement in physical model test. The deep displacement

Shallow slip surface

Figure 11: Shallow slip surface of the landslide.

Compression-shear fracture location

Figure 12: Fracture of the retaining wall locked segment.
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monitoring points on the landslide side were used in the
model test (Figure 5) and achieved good results. Through
the deep displacement monitoring results, the locked seg-
ment plays an important role in controlling the instability
of the locked segment type landslide. Therefore, for the
locked segment type landslide engineering case, the displace-
ment of the locked segment, which plays a controlling role in
the stability of the landslide, can be monitored. At the same
time, according to the proposed evolutionary instability pro-
cess of the landslide with retaining wall locked segment, the
early warning and prediction of landslide are carried out
combined with the displacement rate of locked segment.

5. Conclusion

In this paper, the evolution and failure mechanism of the land-
slide with retaining wall locked segment were analyzed based
on physical model test. The main conclusions are as follows:

(1) The results of physical model test of the landslide
with retaining wall locked segment show that the
retaining wall locked segment represents a sudden
brittle failure and plays an important role in the
landslide stability control

(2) Based on the deformation and stress response char-
acteristics of the landslide with retaining wall locked
segment, its evolutionary instability process is sum-
marized. Under external loads such as earthquake
and rainfall, the trailing edge of the landslide with
retaining wall locked segment is compacted and
compressed, and then gradually pushed forward
and squeezed. Shear failure and shear cracks appear
successively at the upper and middle parts of the
landslide. After the failure of the upper and middle
parts, the sliding mass is gradually pushed and
squeezed to the locked segment due to external
loads. Then, the sliding mass transfers the irresistible

load to the retaining wall-locked segment. The lock-
ing effect causes the sliding mass at the trailing edge
of the retaining wall to be squeezed and raised. With
increasing load, the sliding mass at the trailing edge
of the locked segment pushes and squeezes the
retaining wall, which results in the compression-
shear fracture failure. Failure of the locked segment
leads to the overall failure of the landslide

(3) The failure mechanism is revealed based on the evo-
lutionary instability process of the landslide with
retaining wall locked segment: the upper part of the
landslide thrusts and slides; the retaining wall pro-
duces a locking effect; the middle part extrudes and
uplifts, which is accompanied with shallow sliding;
and the compression-shear fracture of the locked
segment leads to the landslide failure
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