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Abstract. Rock bridges, also known as locking masses in
landslides, affect the three-dimensional (3D) stability and de-
formation patterns of landslides. However, it is always diffi-
cult to simulate rock bridges with continuous grid models in
3D landslides due to their discontinuous deformations. Tiz-
icao landslide, located in Maoxian County, southwest China,
is a typical landslide with a super-large rock mass volume of
about 1388.2× 104 m3 and a locking segment. To explore a
better rock bridge model used to simulate 3D stability and
deformations of the Tizicao landslide, this study introduced
three rock bridge models into the FLAC3D program, includ-
ing the intact rock mass model (IRMM), the Jennings model
(JM), and the contact surface model with high strength pa-
rameters (CSM-HSP). The CSM-HSP model was eventu-
ally used in the FLAC3D program to obtain the 3D defor-
mation characteristics of the landslide. In addition, the two-
dimensional (2D) stability of the Tizicao landslide was ana-
lyzed using the GeoStudio program. The simulation results
indicate that the Tizicao landslide is generally stable under
current conditions owing to the existence of the locking seg-
ment in its southern front. This inference is consistent with
the field deformation and monitoring data. It was found that
the general stability and local deformations of the landslide
are influenced by the locking segment according to the com-
parison between the 2D and 3D stability. There was a linear

relationship between the locking ratio and the factor of safety
(Fos), which applied to the 2D stability analysis of the land-
slides with a locking segment each, while there existed an ap-
proximate quadratic parabola suitable for the 3D stability of
the landslides. Finally, this study analyzed the laws of the 3D
Fos varying with the locking ratio and strength parameters of
the locking masses and the sliding surface. Furthermore, it
explored the advantages and disadvantages of the three rock
bridge models in the simulation of the 3D stability of land-
slides with a locking segment.

1 Introduction

A landslide with a locking segment refers to a geological
phenomenon in which a locking segment exists along the
sliding surface of a landslide, and the critical failure of the
landslide is controlled by the shear properties of the lock-
ing segment (Xu et al., 2010; Huang, 2012; Lin et al., 2018).
A landslide of this type usually holds huge potential energy
(Huang, 2012), which will be suddenly released once the
locking masses of the landslide are cut off. As a result, a
mass of fragmental materials from the landslide will affect
the residential areas and infrastructure below the landslide,
thus frequently resulting in catastrophic effects and heavy ca-
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sualties (Yin et al., 2011; Lin et al., 2018; Wang et al., 2019).
The analysis of locking masses is the key to the analysis of
the stability of a landslide with a locking segment. However,
the locking segment in the landslide is characterized by un-
certain positions, irregular shapes, and varying curvatures,
which make the analysis of the 2D stability of the landslide
more difficult. Meanwhile, the 2D stability analysis is often
applied to engineering reinforcement design and is relatively
conservative, and the analytical results can represent only
the local stability of a landslide (Li et al., 2010; Park and
Michalowski, 2017). Therefore, 3D stability analysis plays a
critical role in assessing and predicting the overall stability
of the landslide with a locking segment.

At present, the commonly used methods for the 3D sta-
bility analysis of landslides include limit equilibrium and
numerical simulation. Many 3D limit equilibrium methods
have been proposed to account for the 3D stability of slopes
(Hovland, 1977; Leshchinsky et al., 1986; Hungr et al., 1989;
Lam and Fredlund, 1993). However, most of them are sim-
ply based on the extension of the 2D limit equilibrium slice
methods proposed by Bishop (1955), Morgenstern and Price
(1965), and Spencer (1967); thus the inherent limitations of
the deformation and failure mode analysis remain. Fortu-
nately, the simulation methods provide a simple and useful
way of analyzing both the 3D stability and the deformation
and failure tendency of landslides, and they have been em-
ployed to determine the 3D stability of slopes and landslides
(Deng et al., 2011; Wang and Xu, 2013; Zhang et al., 2013;
Ma et al., 2020). Nevertheless, the numerical simulations of
the 3D stability analysis of landslides mostly ignore the rock
bridge effect. As indicated by simulation studies of 2D or 3D
planar stability, the stability and the failure mode of slopes
and landslides with rock bridges are determined by their rock
bridges (Stead et al., 2006; Huang et al., 2015; Glueer and
Loew, 2015). In addition, several problems related to rock
bridges are yet to be solved, including the response of the 3D
stability of landslides to rock bridges, the controlling effects
of rock bridges on slope deformation, and the simulation of
rock bridges in numerical simulation software.

Some researchers have found that the stability of slopes
and landslides with rock bridges is closely related to the
length, penetration rate, strength parameters, joint strength
parameters, relative positions (direction, coplane, or non-
coplane), and shape of rock bridges (Einstein et al., 1983;
Tuckey and Stead, 2016; Romer and Ferentinou, 2019;
Zhang et al., 2020) and determined the qualitative relation-
ships between the 2D stability of slopes and landslides and
these parameters. However, there is a lack of in-depth quan-
titative study on these relationships, especially on the 3D sta-
bility of slopes and landslides.

The objective of this work is to present an improved rock
bridge model and to simulate 3D stability and deformation
behaviors of the Tizicao landslide using the model. Three
rock bridge models, i.e., intact rock mass model (IRMM),
Jennings model (JM), and contact surface model with high

strength parameters (CSM-HSP), were introduced into the
FLAC3D program in this study. Then, this study explored the
advantages and disadvantages of the three rock bridge mod-
els in the simulation of the 3D stability of landslides with a
locking segment through a comparative analysis. It also ex-
plored the effects of the locking masses on the 3D stability of
the landslide by analyzing the laws of the 3D factor of safety
(Fos) varying with the locking ratios and strength parameters
of the locking masses and the sliding surface.

2 Study site

The Tizicao landslide is located in Maoxian County, Sichuan
Province, southwest China (Fig. 1), with geographical co-
ordinates of 31°53′14.89′′ N and 103°40′51.12′′ E. It lies on
the right bank of the Minjiang River and faces the town of
Shidaguan on the left bank of the river (Fig. 2a). The Tiz-
icao landslide has a length of about 680 m, a width of 570 m
(Fig. 2a), an average thickness of about 39.1 m, and a volume
of 1388.2× 104 m3. This landslide has a huge gravitational
potential energy due to the relative elevation difference of
220 m between the toe of the landslide and the lower river-
side of the Minjiang River (Fig. 2a).

Moderately high mountains and river valleys occur in the
area of the Tizicao landslide. This area is largely a part of
Minshan Mountain of the Qionglai Mountains, and its south-
eastern boundary belongs to the final segment of the Long-
men Mountains (Wang et al., 2019). Moreover, this area ex-
hibits steep and dangerous valleys and slopes, narrow river
valleys, and deeply downcutting rivers. The Minjiang River
flows through this area in a nearly north–east direction. The
main body of the Tizicao landslide consists primarily of silty
clay (Qdel

4 ) on the surface and broken phyllite below, and its
sliding bed mainly comprises weak and broken carbonaceous
phyllite of the Devonian Weiguan Group (Dwg2), which has
poor physical and mechanical properties and poses risks of
failure, sliding, and deformation during rainy seasons.

According to the field survey by Zhou et al. (2022), the
middle-front part of the Tizicao landslide began to deform in
2013, when the houses on the slope started to crack and dis-
locate downward. In September 2014, the middle part of the
landslide’s front gradually collapsed. As a result, a flow area
with a width of about 60 m and a height of 200 m (Fig. 2d)
was formed. As a result, the accumulation body fell into
the Minjiang River, forming a landslide dam. Meanwhile,
the landslide’s rear (Fig. 2c) began to crack. From August
to September 2015, the landslide deformed more apparently
and severely, resulting in additional wide and long cracks.
After continuous deformations during the rainy season in
2016–2017, the rear and front of the landslide had dislo-
cated downward for more than 10 m locally by July 2017.
The collapse with a volume of about 6.0× 104 m3 occurred
in the northern front of the landslide body, blocking the Min-
jiang River for several hours. Fortunately, no casualties oc-
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Figure 1. Location of the Tizicao landslide in Sichuan Province, southwest China. Source: © Google Earth Pro 2021.

curred. Since October 2017, the deformation of the landslide
has slowed down and tended to stabilize (Fig. 3c). How-
ever, once a large-scale slide occurs, this landslide would di-
rectly threaten the lives of 30 people on the slope body, even
seriously threatening the lives of 113 people in Shidaguan
(Fig. 2a) below the landslide. Moreover, more than 30 build-
ings and a 2 km long section of the National Highway G213
will also be destroyed.

Monitoring was conducted using a Leica monitoring total
station (TM50), which was set up on the slope opposite the
landslide. In the landslide body, 24 fixed non-prism monitor-
ing points (T1–T24; Fig. 2b), which almost covered the en-
tire landslide body, were deployed to primarily monitor the
surface displacement from 1 June to 2 October 2017. The
raw data of the surface displacement were processed using
the measurement adjustment software DDM to obtain the de-
formation amount, deformation rate, and isoline map of the
surface displacement of the Tizicao landslide (Fig. 3b).

The Tizicao landslide can be divided into three areas
according to the aerial photographs obtained using high-
performance uncrewed aerial vehicles, field surveys, and
monitored deformation data (Figs. 2b and 3a).

The first is the north sliding area. This area is rectangular
and covers an area of 11.15× 104 m2. It has a longitudinal
length of 600 m, a transverse width of 258 m, and a sliding di-
rection of 78°. A notable sliding failure has occurred in this
area, as shown in Fig. 4a. Specifically, significant tensional
deformations are visible at the landslide’s rear in this area,
forming a rear wall with a height of about 10 m (Fig. 2c).

Moreover, a deep and large tension crack (crack L04; Fig. 3a)
and a pinnate shear crack (crack L11; Fig. 3a) have devel-
oped in the middle part of this area. All these contribute to
a sliding displacement of about 10.5 m overall in this area.
The slope in the landslide’s front is subjected to the most se-
vere deformations. It has dislocated downward by up to more
than 40 m, with about 6× 104 m3 of landslide masses having
collapsed into the Minjiang River (Fig. 2d).

The second is the middle deformation area. This area is in
the shape of a long strip and covers an area of 6.42× 104 m2.
It has a longitudinal length of 568 m, a transverse width of
138 m, and a sliding direction of 78°. As shown in Fig. 4c,
the landslide’s rear in this area exhibits severe deformations,
forming a 5 m high rear wall (crack L07; Fig. 3a). Multistage
cracking and depression deformations (cracks LF03, LF05,
LF06, and LF07; Fig. 3a) have occurred in the middle part
of the landslide in this area, with an overall displacement
of about 8 m. Compression cracks and bulge-induced cracks
(Fig. 3a) have formed in the landslide’s front under the resis-
tance of locking masses.

The third is the south deformation area. This area is in the
shape of a long strip and covers an area of 13.21× 104 m2.
It has a longitudinal length of 700 m, a transverse width of
192 m, and a sliding direction of 85°. As shown in Fig. 4d,
the landslide’s rear in this area is controlled by cracks L07
and L08 and has dislocated downward by about 3 m. The
displacement of the middle part of the landslide is about
1.5 m. The compression-induced longitudinal tension cracks
(cracks L09 and L10; Fig. 3a) have mainly developed in the
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Figure 2. Overall perspective of the site area of the Tizicao landslide (after Zhou et al., 2022). (a) An orthoimage of the landslide site area
taken on 24 November 2020, with a resolution of 3840× 2160. (b) Three deformation areas of the Tizicao landslide. The dashed red line
denotes the boundary of the deformation area. The red flag denotes the location of the 24 fixed non-prism monitoring points (T1–T24).
(c) Rear wall. (d) Rockslide area, flow area, and accumulated debris.

landslide’s front in this area, while large-scale sliding has not
occurred.

Zhou et al. (2022) identified and analyzed the locking seg-
ment of the Tizicao landslide. As indicated by their analyt-
ical results of the landform, spatial–temporal deformations,
surface cracks, and rock quality in the landslide area, the
locking segment of the Tizicao landslide lies at the south
slope toe (Figs. 2a–b and 3b). The locking segment covers

an area of about 4.69× 104 m2, accounting for 15.2 % of the
total area of the landslide. As shown in Fig. 4, the anti-dip
carbonaceous phyllites of the Dwg2 develop in the landslide
area, and they exhibit different deformation characteristics in
the locking segment and the non-locking segment subjected
to landslide deformation and the unloading effect. For the
locking segment in the landslide area, the surface layer con-
sists of a loose accumulation body, which is composed pri-
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Figure 3. The topographic plan, isoline map of surface displacement, and displacement monitoring curves of the Tizicao landslide. (a) To-
pographic plan of the deformation areas, the crack distribution, and the locations of geotechnical-engineering sections (after Zhou et al.,
2022). (b) Isoline map of the surface displacement of the Tizicao landslide from 13 August 2017 to 25 January 2018 (Zhou et al., 2022).
(c) Displacement monitoring curves of the landslide surface (from 13 August 2017 to 25 January 2018).

marily of grayish-yellow silty soil mixed with fragments and
has a thickness of about 3–5 m. The lower sliding body con-
sists of moderately to slightly weathered carbonaceous phyl-
lites with attitudes of 190–260° 6 36–60° (Fig. 5a). The slid-
ing bed is composed of the slightly weathered carbonaceous
phyllites with attitudes of 190–260° 6 60–80°. The slightly
weathered carbonaceous phyllites have straight and smooth
bedding planes, without any fillings or with a small number
of quartz veins with hard structural planes. These phyllites
have a joint spacing of 0.05–1.2 m, and their rock masses
have rock quality designation (RQD) values of 68.0 %–
76.8 %. The anti-dip phyllites tend to deform along the slope
direction, and the dip angles of their bedding planes decrease
gradually with a decrease in the depth (Fig. 6). Furthermore,
the anti-dip phyllites are less affected by landslide deforma-
tion with an increase in the depth. For example, the phyllites
at a depth of 50 m in the drilling borehole (Fig. 6c) exhibit

intact cores, a high-strength rock mass, and attitudes consis-
tent with the slightly deformed anti-dip rock masses at the
landslide’s back (Fig. 5b). According to stereographic pro-
jections (Fig. 6d–f), the dip angle of the bedding plane and
the stability of the landslide increase with an increase in the
depth. Correspondingly, the anti-dip rock mass, which is sim-
ilar to the rock bridge and is referred to as the locking seg-
ment herein, is the key block that prevents further landslide
sliding. Only when the locking masses are cut off does the
overall landslide failure occur.

According to the discussion of Zhou et al. (2022), the
locking masses of the Tizicao landslide occur on the con-
vex bank, while the non-locking masses have developed on
the concave bank, indicating that the locking masses are di-
rectly related to the S-shaped river valley under the landslide.
From a geomorphological point of view, landslides rarely oc-
cur on convex banks but occur more frequently on concave
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Figure 4. Geotechnical-engineering sections of the Tizicao landslide. (a) Section A-A’. (b) Section B-B’. (c) Section C-C’. (d) Section D-D’
(after Zhou et al., 2022).

Figure 5. Rock cores drilled from borehole zk20 and exposed phyl-
lites at the back of the landslide. (a) Intact rock cores (Zhou et al.,
2022). (b) Exposed phyllites with an attitude of 258 76.5°.

banks. From a topographical perspective, a convex slope is
more stable than a concave slope under the same conditions.
Noticeably, the concave and convex banks of the S-shaped
valley under the Tizicao landslide differ greatly in slope and
lithology. Therefore, the rock masses on the south side of the
landslide above the convex bank are intact and constitute the
potential locking segment of the landslide.

For the non-locking segment in the area of the Tizicao
landslide, its surface layer is composed of grayish-yellow
silty soil mixed with fractured rocks and with a thickness of
about 6–8 m. Below the surface layer are the strongly weath-
ered carbonaceous phyllites with a thickness of 25–33 m. The
soils in the sliding zone can also be observed in the non-
locking segment, with a thickness of about 0.5–1.2 m. Below
the sliding zone are moderately weathered phyllites with at-
titudes of 252–260° 6 65–73°, joint space of 0.5–1.2 m, and
RQD values of 15.0 %–54.5 %. Owing to the large deforma-
tion in the non-locking segment, the phyllites exhibit severe
deformations, as manifested by the sliding of the phyllites
along the slope direction after the stratum toppling (Figs. 7b–
c, 8a). As shown in Fig. 8, the bedding planes of rock masses
within the drilling depth (0–13 m) are along the slope direc-
tion, while the rock masses at a depth of more than 13 m
are inclined in the opposite direction. The attitudes of rock
masses below the sliding surface roughly remain unchanged.
Therefore, the shear failure of the anti-dip phyllites is the fun-
damental cause of the large deformation in the north sliding
area (Fig. 3a).
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Figure 6. Rock cores and stereographic projections at different
depths. (a–c) Rock cores at depths of 10, 25, and 50 m, respectively,
in borehole zk20. The diameters of the drilling hole are 100 and
60 mm at the depths of 0–15 and 15–70 m, respectively. (d–f) Stere-
ographic projections at the depths of 10, 25, and 50 m, respectively.

3 Methodology

The 3D stability of the Tizicao landslide was simulated us-
ing the FLAC3D program. First, we introduced three rock
bridge models, namely IRMM, JM, and CSM-HSP, into the
FLAC3D program and determined the simulation elements
and their characteristic parameters. According to the site sur-
vey of the Tizicao landslide, a 3D mesh model composed of
a sliding bed, a sliding body, and a sliding surface was es-
tablished. Then, we simulated the 3D stability of the Tizicao
landslide using the three rock bridge models. Lastly, to com-
pare the differences between the 2D and 3D stability of the
Tizicao landslide, this study analyzed the 2D stability of four
sections of the landslide using the SLOPE/W module of the
GeoStudio 2012 program.

3.1 Rock bridge models in the simulation program

The FLAC3D program is used to simulate the 2D and 3D sta-
bility and deformation of landslides (Titti et al., 2020; Zhang
et al., 2013; Zhou et al., 2020). To investigate the 3D stabil-
ity and deformation behaviors of the Tizicao landslide, this
study introduced three rock bridge models into the FLAC3D
program, namely IRMM (Kemeny, 2005; Zhang et al., 2020),
JM (Bonilla-Sierra et al., 2015; Jennings, 1970), and CSM-
HSP (Huang et al., 2015; Scholtès and Donze, 2015), as
shown in Fig. 9.

The IRMM model (Fig. 9a) is used to simulate the de-
formation and failure characteristics of rock bridges in rock
masses. This model can effectively reveal the behaviors of
stress concentration, cracking, extension, and penetration

(Tang et al., 2001; Zhang et al., 2006). In the simulation of a
landslide with a locking segment, the rock bridge (S1), which
is an intact rock mass, was simulated using the tetrahedral el-
ements in the FLAC3D program; the sliding surface (S2) was
simulated using the contact surface model in the FLAC3D
program; and the sliding body (Block A) and the sliding bed
(Block B) were linked with the continuous rock bridge (S1).

For the JM model, the limit equilibrium method is ini-
tially employed to calculate the 2D stability of rock slopes
with discontinuous joints. Specifically, the slope stability is
calculated by assigning the equivalent shear strength corre-
sponding to different penetration rates to the potential slid-
ing surface. The equivalent shear strength parameters can be
calculated as follows:

ceq = (1− k)cr+ kcj, (1)
tanφeq = (1− k) tanφr+ k tanφj, (2)

where ceq and ϕeq are the equivalent cohesion and the equiv-
alent friction angle, respectively; ϕr and ϕj represent the fric-
tion angles of an intact rock and joints, respectively; and cr
and cj are the cohesion of an intact rock and joints, respec-
tively.

Considering that co-planar joints are separated by the in-
tact rock bridge, the relative quantity of intact rocks along
the sliding surface can be expressed as the ratio k, which is
defined as follows (Jennings, 1970):

k =

∑
Aj∑

Aj+
∑
Ar
= 1− kL, (3)

where
∑
Aj denotes the surface area of joints,

∑
Ar is the

surface area of the rock bridge, and kL is the locking ratio
(the ratio of the surface area of the rock bridge to the total
sliding surface area).

The Fos can be calculated using Eq. (4):

Fos=
τf

τ
=
N tanφeq+ ceqA

Fg sinθ
, (4)

where τf is the shear force along the joint surface with normal
force N , A is the sliding surface area, θ is the inclination
angle of the planar surface, and τ is the sine component of
the gravitational force Fg.

Bonilla-Sierra et al. (2015) and Scholtès and Donze (2015)
introduced the Jennings model into the 3D planar sliding
analysis of slopes with rock bridges. They concluded that the
rock bridges have notable control effects on the stability and
failure of the slopes. However, the stability of a true 3D land-
slide with a locking segment should be studied in the future.
In this study, the JM model was introduced into the FLAC3D
program. Then, the 3D stability of the whole landslide was
simulated by assigning equivalent shear strength parameters
to the contact surface model (S3), as shown in Fig. 9b.

As shown in Fig. 9c, two contact surface models, one with
high strength parameters and the other with low strength pa-
rameters, were used to simulate the rock bridge (S4) and slid-
ing surface (S5), respectively. The strength parameters of an
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Figure 7. Rock cores drilled from borehole zk08 and extremely broken phyllites exposed due to construction excavation in the non-locking
segment of the landslide. (a) Broken phyllites, soils in the sliding zone, and relatively intact phyllites in the sliding bed (Zhou et al., 2022).
(b) Exposed phyllites with an attitude of 80° 12.1° at the depth of 1–2 m. (c) Exposed phyllites with an attitude of 82° 26.7° at the depth
of 3–5 m. Cyan lines represent the bedding planes of the phyllites.

Figure 8. Stereographic projections at the depths of 3–5, 15, and 40 m (a–c, respectively).

intact rock mass were adopted for the rock bridge. In addi-
tion, shear stiffness and normal stiffness higher than those of
the sliding surface (Huang et al., 2015) were required in the
CSM-HSP model to simulate the real resistance characteris-
tics of the rock bridge.

3.2 The 3D stability simulations

The 3D mesh model of the Tizicao landslide (Fig. 10) was
established using the FLAC3D program. It was composed of
a sliding bed, a sliding body, and a sliding surface, with a
length of 1100 m, a width of 700 m, and a height of 800 m.
In this model, the sliding bed and sliding body were estab-
lished using tetrahedral elements. The sliding surface was
established using contact surface elements which allow the
contact surface to slide. The geometric size and shape of
the 3D sliding surface were deduced according to the depth
of the sliding-zone soil obtained by drilling. The parame-
ters such as the area and the position of the locking segment
were obtained by Zhou et al. (2022). The constitutive model
of Mohr–Coulomb was used in the simulation. The bottom
was fixed as a boundary, while the top surface was set as a
free boundary. The other four surfaces were set as bound-
aries with fixed perpendicular displacement. Given that the
simulations in this study are only aimed at exploring the de-
formation and the overall stability of the landslide, the slid-
ing body and sliding bed were supposed to be heterogeneous,
while factors such as joints and heterogeneity of rock masses

were temporarily not considered. The simulation parameters
of the sliding body, sliding bed, and sliding surface in the
model were obtained through indoor geotechnical tests (Ta-
ble 1). Among them, the rock density was obtained using the
wax-sealing method; Young’s modulus, Poisson’s ratio, in-
ternal friction angle, and cohesion of rocks were collected
from the triaxial test; and the tensile strength was obtained
from the Brazilian test.

The simulation analysis of the Tizicao landslide was con-
ducted using the three rock bridge models mentioned above.
As revealed by site drilling, the rock masses in the lock-
ing segment have the same intact degree as the phyllites
in the sliding bed. Therefore, the strength parameters of
the rock bridges were set at the same values as those of
the rock masses in the sliding bed (locking masses) in the
IRMM model. Meanwhile, the shear stiffness and normal
stiffness of the sliding surface in this model were both set
at 2.0 MPa m−1 to simulate the sliding state of the landslide.
For the JM model, the rock bridge and sliding surface were
both simulated using the contact surface model. According
to the site survey, the area of the locking segment accounts
for 15.2 % of the total area of the landslide. The equivalent
internal friction angle and equivalent cohesion were deter-
mined to be 35.68° and 503.24 kPa, respectively, by solving
Eqs. (1) and (2). The tensile strength, shear stiffness, and
normal stiffness of the sliding surface were set at 0.18 MPa,
1800 MPa m−1, and 1800 MPa m−1, respectively, in the JM
model. For the CSM-HSP model, the locking masses were
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Figure 9. Three rock bridge models used in the FLAC3D program. (a) Intact rock mass model (IRMM). (b) Jennings model (JM). (c) Contact
surface model with high strength parameters (CSM-HSP).

Table 1. Simulation parameters of the landslide model.

Model Density Young’s Poisson’s ratio Internal friction Cohesion Tensile
component (g cm−3) modulus (GPa) angle (°) (kPa) (MPa) strength

Sliding body 2.10 5.00 0.37 32.86 85.51 0.30
Sliding bed 2.72 40.00 0.30 37.00 580.00 1.04
Sliding surface – – – 27.5 75.00 0.02

Figure 10. The mesh model and geometry of the Tizicao landslide.

replaced with the contact surface model, whose strength and
stiffness were both higher than those of the sliding surface.
Their strength parameters were set at the same values as
those of the sliding bed. Meanwhile, the shear stiffness and
normal stiffness of the contact surface of the rock bridge
were both set at 2000 MPa m−1. The strength parameters and

stiffness coefficients of the sliding surface in the CSM-HSP
were set at the same values as those of the sliding surface in
the IRMM since the sliding surface models were the same in
FLAC3D.

3.3 The 2D stability simulation

To compare the differences between the 2D and 3D stabil-
ity of the Tizicao landslide, this study conducted the 2D sta-
bility analysis of four sections of the landslide (Fig. 4) us-
ing the SLOPE/W module of the program GeoStudio 2012.
The SLOPE/W module was used to calculate the 2D stability
of slope and landslide (Chen et al., 2020; Jafri et al., 2020).
Meanwhile, the JM model was introduced into Bishop’s al-
gorithm of the GeoStudio program. Bishop’s algorithm is a
limit equilibrium method for stability calculations. Accord-
ing to the JM model, the equivalent shear strength parameters
were determined based on penetration rates using Eqs. (1)
and (2). Then, these parameters were assigned to the slid-
ing surface to calculate the 2D Fos using Bishop’s algorithm.
The simulation parameters of the sliding body, sliding sur-
face, and locking masses are shown in Table 1. According
to the site survey, sections A-A’, B-B’, C-C’, and D-D’ have
kL values of 0, 0, 0.23, and 0.26, respectively, and the 2D
stability factors calculated are shown in Table 2 and Fig. 11.

https://doi.org/10.5194/nhess-24-891-2024 Nat. Hazards Earth Syst. Sci., 24, 891–906, 2024



900 Y. Zhou et al.: Simulation analysis of 3D stability

Table 2. The 2D and 3D Fos values.

2D and 3D stability Rock bridge Factor of safety
simulation model (Fos)

3D stability IRMM 1.780± 0.2
JM 1.950± 0.3
CSM-HSP 1.710± 0.2

2D stability JM Section A-A’ 0.978± 0.15
Section B-B’ 0.924± 0.1
Section C-C’ 1.888± 0.23
Section D-D’ 2.075± 0.20

Figure 11. The 2D Fos of different sections. (a) Section A-A’. (b) Section B-B’. (c) Section C-C’. (d) Section D-D’.

4 Results

4.1 Comparative analysis of 2D and 3D stability

Table 2 shows the 3D Fos of the Tizicao landslide obtained
using the three models and the 2D Fos of the landslide calcu-
lated by using the JM model. The 3D Fos values obtained us-
ing the IRMM, JM, and CSM-HSP models were 1.780± 0.2,
1.950± 0.3, and 1.710± 0.2, respectively, which are almost
equal, and the average is 1.813. These results indicate that

the Tizicao landslide is stable and large-scale sliding will
not occur under current conditions. The state of the land-
slide is consistent with the displacement monitored in the
field (Fig. 3c). As shown in Fig. 11, sections A-A’, B-B’,
C-C’, and D-D’ of the Tizicao landslide had 2D Fos values
of 0.978± 0.15, 0.924± 0.1, 1.888± 0.23, and 2.075± 0.20,
respectively. Therefore, the landslide is unstable along sec-
tions A-A’ and B-B’, which is consistent with the large-scale
collapse in the northern front of the landslide (Fig. 2d). In
contrast, the landslide is stable along sections C-C’ and D-
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D’, and this finding agrees well with the middle and south de-
formation areas of the landslide. The difference in the land-
slide stability between the north (sections A-A’ and B-B’)
and south (sections C-C’ and D-D’) sides of the landslide
is primarily caused by the existence of the locking masses in
the southern front of the landslide (Fig. 2b). According to Ta-
ble 2, the 3D Fos of the Tizicao landslide differs greatly from
its 2D Fos. For the landslide sections with severe deformation
(sections A-A’ and B-B’), their 2D Fos values were lower
than their 3D Fos values. However, for the landslide sections
with slight deformation (sections C-C’ and D-D’), their 2D
Fos values were significantly greater than their 3D Fos val-
ues, especially for the landslide sections with the locking seg-
ment. The relatively conservative 2D stability analysis (Li et
al., 2010; Park and Michalowski, 2017) made the 2D Fos val-
ues usually lower than the 3D Fos values. Nonetheless, for
the landslide sections with rock bridges, their 2D Fos values
may exceed their 3D Fos values (Table 2). The overall stabil-
ity of a landslide with rock bridges should be assessed using
3D Fos since the 2D Fos represents only the local stability of
the landslide.

4.2 Analysis of landslide deformations

According to the above analysis, all the IRMM, JM, and
CSM-HSP models can be used to effectively simulate the
overall stability of 3D landslides and obtain their 3D Fos.
However, the JM model cannot simulate real 3D deforma-
tion behaviors of landslides since it uses equivalent strength
parameters. Meanwhile, the IRMM model is subjected to
rather complex modeling although it can be used to obtain
real 3D deformation characteristics of landslides. Therefore,
the CSM-HSP model was selected to simulate the deforma-
tion trend of the Tizicao landslide. Figure 12a–d show the to-
tal displacement contours of the sliding body, the shear dis-
placement contours and the sliding state of the sliding sur-
face, and the sliding velocity vectors of the sliding surface,
respectively.

As shown in the isoline map of surface displacement
(Fig. 3b), a sliding event occurred in a general northeast
direction (closer to the north) from 13 August 2017 to 25
January 2018. In this event, the maximum surface displace-
ment (1210 mm) occurred at the northern toe, which coin-
cided with the location where the front collapsed (Fig. 2d).
The landslide’s rear and middle parts showed similar surface
displacement of 150–300 mm in the sliding event, indicating
that they slid as a whole. The minimum surface displacement
of 30–150 mm occurred in the southern area of the slope toe
throughout the whole sliding event. Therefore, the southern
area serves as the anti-sliding area of the whole landslide.

As shown in Fig. 12a, the total displacement contours
of the sliding body show significantly different deformation
zones, namely the intense deformation zone from the rear to
the north side wall of the landslide, the moderate deformation
zone from the middle part of the landslide to the northern

part of the landslide front, and the slight deformation zone
in the middle and southern parts of the landslide front. The
maximum displacement of the sliding body is 10.69 m at the
landslide’s rear (Fig. 12a), which agrees with the width of
crack L07 (Fig. 13). Figure 12a shows that the Tizicao land-
slide tends to slide northeastward generally owing to the slid-
ing resistance of the locking segment. This tendency is con-
sistent with the crack distribution (Fig. 3a) and the isoline
map of surface displacement (Fig. 3b). Figures 12a and 3a
show different displacement values because the monitoring
data obtained from 13 August 2017 to 25 January 2018 (af-
ter the large deformation in July 2017) were not the complete
deformation data of the landslide. In contrast, Figs. 12a and
3a reflect the same deformation tendency.

Figure 12b shows that the shear deformation of the slid-
ing surface agrees well with the total displacement contours
(Fig. 12a). According to this figure, the shear displacement
of the sliding surface is 0 at the position of the locking seg-
ment. Figure 12c shows the sliding state when the Tizicao
landslide is in equilibrium under current conditions. The red,
blue, and green zones in Fig. 12c represent the sliding surface
areas where sliding has not occurred, is occurring, and has
occurred, respectively. Therefore, no shear displacement oc-
curs in the locking segment on the sliding surface, and the 3D
locking segment along the sliding surface can be observed.
The sliding velocity vector diagram of the sliding surface
(Fig. 12d) indicates that the sliding velocity is low and tends
to be 0 in the locking segment. Therefore, the existence of the
locking segment is the fundamental reason for the absence of
large-scale sliding in the whole landslide.

5 Discussion

5.1 Effects of the locking ratio on 3D stability

To establish landslide models with different locking ratios,
rectangular wireframes were used to cover the outline of the
landslide (Fig. 14), and the lengths and widths of the wire-
frames and their ratios were obtained. Rectangles with in-
creasing lengths and widths but a fixed length / width ratio
were used to gradually match the landslide from the southern
part of the front to the rear in the north. Then, the coverage
areas and positions of the 3D sliding surface were obtained as
the actual locking ratio changed from 0 to 1 (interval: 0.1).
Accordingly, the 3D modeling of the Tizicao landslide was
conducted using the three rock bridge models.

Figure 15 shows the 3D Fos curves of the landslide un-
der different locking ratios. According to this figure, the 3D
Fos curves obtained using the three rock bridge models were
roughly the same. In detail, they were parabolas overall, and
all the Fos values first increased and then tended to be stable
as the locking ratio increased. According to the field survey,
the Tizicao landslide has an actual locking ratio of 0.152,
corresponding to the 3D Fos values of 1.71–1.95. When
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Figure 12. Simulation results of the Tizicao landslide. (a) Total displacement contours. (b) Shear displacement contours of the sliding
surface. (c) Sliding state of the sliding surface. (d) Sliding velocity vectors of the sliding surface.

the locking area of the landslide decreased gradually to 0
(no locking segment), the 3D Fos of the landslide would be
1.215, decreasing by 29.0 %–37.7 % compared to the 3D Fos
under current conditions. In this case, the landslide would be
unstable. This indicates that the locking segment has signifi-
cant effects on the overall stability of the landslide.

According to Eq. (4), there exists a linear relationship be-
tween the locking ratio and the Fos, which applies to the 2D
stability of landslides subjected to planar sliding (Jennings,
1970). However, the Fos of 3D landslides with a locking seg-
ment varied with the locking ratio in the form of an approxi-
mate quadratic parabola under the influence of the positions
of locking masses and the curvature of the sliding surface
(Fig. 15). As per Bonilla-Sierra et al. (2015), the upper, mid-
dle, and lower parts of the coplanar landslide have distinct
mechanical failure modes (shear, tensile, or shear–tensile) for
a landslide with rock bridges; thus the positions of locking

masses would change the 3D stability of the landslide. Ad-
ditionally, with a decrease in the locking ratio, the critical
cohesion decreases nonlinearly (Bonilla-Sierra et al., 2015),
and the Fos of the landslide presents a nonlinear rather than
a linear trend. This study did not explore the effects of the
curvature of the sliding surface on the 3D stability of the
landslide with rock bridges. However, it should be further
discussed in future research.

As shown in Fig. 15, the 3D Fos curves are significantly
piecewise, and two linear fitting curves (dashed black lines)
of the 3D Fos were determined. The varying rate of the 3D
Fos under a locking ratio of less than 0.6 was significantly
higher (about 6 times) than that under a locking ratio of more
than 0.6. Therefore, in the case of a high locking ratio (a low
penetration rate) of the landslide, the change in the locking
ratio has a small impact on the overall stability of the land-
slide. In contrast, the overall stability of the landslide would
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Figure 13. Crack L07 at the rear of the landslide. The width of crack
L07 is 10.5 m in the direction of the landslide.

Figure 14. Locking areas under different locking ratios.

decrease significantly as the locking ratio decreased to less
than 0.6. Based on the statistics of the rock bridge content
in rock slope failure obtained by Tuckey and Stead (2016),
rock slope failures generally exhibit a rock bridge content
between 0.2 %–45 %, which was lower than that obtained in
this study (60 %). Therefore, rock slope failures usually oc-
cur in the case of very low rock bridge content. This is the
immediate cause of the result that the Fos of the landslide
decreases rapidly and the landslide suffers a dramatic failure
under the critical failure condition.

Figure 15. The 3D Fos curves under different locking ratios ob-
tained using three rock bridge models.

5.2 Effects of the strength parameters of the sliding
surface and locking masses on 3D stability

To estimate the effects of the strength parameters of the slid-
ing surface and locking masses on the 3D stability of the
landslide, the strength parameters were obtained through the
direct shear test of soils or cores drilled. The cohesion and in-
ternal friction angle of the locking masses were determined
to be 10–20 000 kPa and 20–65°, respectively, while those
of the sliding surface were calculated at 6–1000 kPa and 5–
35°, respectively. Then, the 3D Fos curves under different
strength parameters and a locking ratio of 0.5 were derived
from the three rock bridge models, as shown in Fig. 16. Ac-
cording to Fig. 16a, the 3D Fos increased rapidly when the
cohesion of the locking masses was 10–1000 kPa and then
became stable when the cohesion exceeded 1000 kPa. There-
fore, the 3D Fos was sensitive to the cohesion of the locking
masses in the range of 10–1000 kPa but did not significantly
vary when the cohesion was greater than 1000 kPa. The cohe-
sion of the sliding surface on the 3D Fos exhibited different
effects (Fig. 16c). With an increase in the cohesion of the
sliding surface, the 3D Fos obtained using IRMM and CSM-
HSP first increased nonlinearly and then stabilized, while the
3D Fos obtained using the JM increased at a decreased ac-
celeration rate.

As shown in Fig. 16b, the 3D Fos of the landslide first
increased nonlinearly and then stabilized with an increase
in the internal friction angle of the locking masses. It in-
creased from 2.49 to 4.53 (1.82 times) as the friction angle
of the locking mass increased from 20 to 65°, with an aver-
age growth rate of 0.045. The 3D Fos of the landslide var-
ied with the internal friction angle of the sliding surface in
a similar trend (Fig. 16d). Specifically, the 3D Fos increased
from 3.20 to 4.58 (4.13 times) as the internal friction angle
of the sliding surface increased from 5 to 35°, showing an
average growth rate of 0.046. The comparison of the average
growth rates reveals that the internal friction angles of both
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Figure 16. The 3D Fos curves under different strength parameters.

the locking masses and the sliding surface have almost the
same effects on the 3D Fos of the landslide.

5.3 Comparative analysis of the three rock bridge
models in the numerical simulation program

The IRMM, JM, and CSM-HSP models yielded almost equal
3D Fos values (Fig. 15), indicating that the three models can
be used to effectively simulate the overall stability of a land-
slide with a locking segment. The IRMM model (Fig. 9a) is
frequently used to simulate the stability and the deformation
and failure behaviors of 2D and 3D rock slopes with rock
bridges (Zhang et al., 2014; Hu et al., 2018). This model can
simulate the actual deformation process of the slopes and is
one of the most effective models in the simulation of rock
slopes and landslides. However, the IRMM model requires
accurate information such as the area and position of a lock-
ing segment. Accordingly, it is necessary to identify a lock-
ing segment of a landslide in detail before stability analy-
sis, which is quite difficult due to the concealment of lock-
ing masses (Elmo et al., 2018; Guerin et al., 2019). Mean-
while, the uncertain position and irregular geometric size of
a locking segment also pose great difficulties for landslide
modeling. The JM model (Fig. 9b) cannot be used to further
analyze the deformation and failure behaviors of landslides
and obtain actual deformation since it ignores the positions
of rock bridges and the response of rock bridges to the land-
slide deformation (Einstein et al., 1983). However, the 3D
Fos of landslides (Figs. 15–16) can be obtained using this

model. Therefore, the JM model can be used to only ana-
lyze the macroscopic 3D stability of landslides. Moreover,
the JM model is unsuitable for the 3D stability analysis of
rock landslides with a sliding surface dipping over 50° due
to their high probability of tensile failures. For the CSM-HSP
model (Fig. 9c), two contact surface models, one with high
strength parameters and the other with low strength parame-
ters, can be used to simulate the rock bridge and the sliding
surface, respectively. This model integrates the advantages of
the IRMM model in terms of simulating the actual deforma-
tion of slopes with rock bridges and the advantages of the
JM model in terms of modeling. Using this model, the over-
all deformation and Fos of landslides can be obtained, and
the position and area of a locking segment can be changed at
will, thus greatly reducing the workload in the modeling of
landslides with rock bridges. The CSM-HSP model outper-
forms the other two models in simulating both the 3D stabil-
ity and the deformation and failure behaviors of landslides
with a locking segment.

6 Conclusions

All the IRMM, JM, and CSM-HSP models can be used to
obtain the 3D Fos of landslides with a locking segment each,
providing convenient and effective simulation approaches for
assessing and predicting the 3D stability of the landslides.
The simulation results indicate that the Tizicao landslide is
generally stable under current conditions owing to the exis-
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tence of the locking segment in the southern front. This con-
clusion is consistent with the deformation and failure char-
acteristics, the position and area of the locking segment, and
the site monitoring data of the Tizicao landslide. As indi-
cated by the comparison between the results of 3D and 2D
stability analyses of the Tizicao landslide, the 2D stability
analysis is suitable only for local stability, while the 3D sta-
bility represents the overall stability of landslides with a lock-
ing segment each. As shown by the discussion, there is a
linear relationship between the locking ratio and 2D Fos of
landslides with a locking segment each that are subjected to
planar sliding, while there exists an approximate quadratic
parabola between the locking ratio and 3D Fos of landslides
with a locking segment each under the influence of the po-
sitions of the locking masses and the curvature of the slid-
ing surface. The increase in the strength parameters of both
the locking segment and the sliding surface can improve the
stability of landslides nonlinearly. The 3D Fos of the land-
slides is sensitive to the cohesion of both the locking segment
and the sliding surface in the range of 10–1000 kPa. The in-
ternal friction angles of the locking masses and the sliding
surface have almost the same effects on the 3D Fos of land-
slides. The CSM-HSP model integrates the advantages of the
IRMM model in terms of simulating the actual deformation
of slopes with rock bridges and the advantages of the JM
model in terms of modeling. Therefore, this model outper-
forms the other two models in simulating both the 3D stabil-
ity and the deformation and failure behaviors of landslides
with a locking segment each.

Data availability. The research data on landslides used
in the paper are derived mainly from Zhou et al. (2022,
https://doi.org/10.1007/s11069-021-05162-1), as well as the
site survey conducted by the team of the authors.

Author contributions. YZ developed the model code, performed
the simulations, and prepared the manuscript draft; XZ and BW re-
viewed and edited the manuscript; and GZ, JZ, and MM conducted
the landslide investigations.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The authors are grateful to the editors and re-
viewers for their kind and constructive suggestions.

Financial support. This study was supported by the National Natu-
ral Science Foundation of China (grant no. 41672295), the Ministry
of Science and Technology of China (grant no. 2019YFC1509904),
and the China Geological Survey (grant no. DD20230450).

Review statement. This paper was edited by Paola Reichenbach
and reviewed by Hendy Setiawan and one anonymous referee.

References

Bishop, A. W.: The use of slip circle in stability analysis of slopes,
Géotechnique, 5, 7–17, https://doi.org/10.1680/geot.1955.5.1.7,
1955.

Bonilla-Sierra, V., Scholtès, L., Donze, F., and Elmouttie, M.: DEM
analysis of rock bridges and the contribution to rock slope stabil-
ity in the case of translational sliding failures, Int. J. Rock Mech.
Min., 80, 67–78, https://doi.org/10.1016/j.ijrmms.2015.09.008,
2015.

Chen, Y. L., Liu G. Y., Li N., Du X., Wang S. R., and Az-
zam R.: Stability evaluation of slope subjected to seismic ef-
fect combined with consequent rainfall, Eng. Geol., 266, 105461,
https://doi.org/10.1016/j.enggeo.2019.105461, 2020.

Deng, J., Tham, L., Lee, C., and Yang, Z.: Three-dimensional sta-
bility evaluation of a preexisting landslide with multiple sliding
directions by the strength-reduction technique, Can. Geotech. J.,
44, 343–354, https://doi.org/10.1139/t06-115, 2011.

Einstein, H. H., Veneziano, D., Baecher, G. B., and O’Reilly, K. J.:
The effect of discontinuity persistence an rock slope stability, Int.
J. Rock Mech. Min., 20, 227–236, https://doi.org/10.1016/0148-
9062(83)90003-7, 1983.

Elmo, D., Donati, D., and Stead, D.: Challenges in the characterisa-
tion of intact rock bridges in rock slopes, Eng. Geol., 245, 81–96,
https://doi.org/10.1016/j.enggeo.2018.06.014, 2018.

Glueer, F. and Loew, S.: Rock bridge failure caused by the
Aysèn 2007 Earthquake (Patagonia, Chile), in: Engineering Ge-
ology for Society and Territory, edited by: Lollino, G., et al.,
Volume 2, Springer, Cham, https://doi.org/10.1007/978-3-319-
09057-3_131, 2015.

Google Earth Pro: https://www.google.com/intl/en_in/earth/
versions/#earth-pro (last access: 24 August 2021), 2021.

Guerin, A., Jaboyedoff, M., Collins, B., Derron, M. H., Stock, G.,
Matasci, B., Boesiger, M., Lefeuvre, C., and Podladchikov, Y.:
Detection of rock bridges by infrared thermal imaging and mod-
eling, Sci. Rep.-UK, 9, 13138, https://doi.org/10.1038/s41598-
019-49336-1, 2019.

Hovland, H. J.: Three-dimensional slope stability anal-
ysis method, J. Geotech. Eng.-ASCE, 103, 971–986,
https://doi.org/10.1061/AJGEB6.0000709, 1977.

Hu, Q. J., Shi, R. D., Zheng, L. N., Cai, Q. J., Du, L. Q., and He, L.
P.: Progressive failure mechanism of a large bedding slope with
a strain-softening interface, B. Eng. Geol. Environ., 77, 69–85,
https://doi.org/10.1007/s10064-016-0996-x, 2018.

https://doi.org/10.5194/nhess-24-891-2024 Nat. Hazards Earth Syst. Sci., 24, 891–906, 2024

https://doi.org/10.1007/s11069-021-05162-1
https://doi.org/10.1680/geot.1955.5.1.7
https://doi.org/10.1016/j.ijrmms.2015.09.008
https://doi.org/10.1016/j.enggeo.2019.105461
https://doi.org/10.1139/t06-115
https://doi.org/10.1016/0148-9062(83)90003-7
https://doi.org/10.1016/0148-9062(83)90003-7
https://doi.org/10.1016/j.enggeo.2018.06.014
https://doi.org/10.1007/978-3-319-09057-3_131
https://doi.org/10.1007/978-3-319-09057-3_131
https://www.google.com/intl/en_in/earth/versions/#earth-pro
https://www.google.com/intl/en_in/earth/versions/#earth-pro
https://doi.org/10.1038/s41598-019-49336-1
https://doi.org/10.1038/s41598-019-49336-1
https://doi.org/10.1061/AJGEB6.0000709
https://doi.org/10.1007/s10064-016-0996-x


906 Y. Zhou et al.: Simulation analysis of 3D stability

Huang, R. Q.: Mechanisms of large-scale landslides
in China, B. Eng. Geol. Environ., 71, 161–170,
https://doi.org/10.1007/s10064-011-0403-6, 2012.

Huang, D., Cen, D. F., Ma, G. W., and Huang, R. Q.: Step-path fail-
ure of rock slopes with intermittent joints, Landslides, 12, 911–
926, https://doi.org/10.1007/s10346-014-0517-6, 2015.

Hungr, O., Salgado, F. M., and Byrne, P. M.: Evaluation of a three-
dimensional method of slope stability analysis, Can. Geotech. J.,
26, 679–686, https://doi.org/10.1139/t89-079, 1989.

Jafri, M., Rizki, M., and Susilo, G. E.: Slope stabil-
ity analysis in Ulubelu Lampung using computa-
tional analysis program, Civ. Environ. Sci., 3, 51–59,
https://doi.org/10.21776/ub.civense.2020.00301.6, 2020.

Jennings, J. E.: A mathematical theory for the calculation of the
stability of open cast mines, in: Planning open pit mines: Pro-
ceedings of the Symposium on the Theoretical Background to
the Planning of Open Pit Mines with Special Reference to Slope
Stability, edited by: van Rensburg, P., Johannesburg, Republic of
South Africa; August, 87–102, 1970.

Kemeny, J.: Time-dependent drift degradation due to
the progressive failure of rock bridges along dis-
continuities, Int. J. Rock Mech. Min., 42, 35–46,
https://doi.org/10.1016/j.ijrmms.2004.07.001, 2005.

Lam, L. and Fredlund, D. G.: A general limit equilibrium model for
three-dimensional slope stability analysis, Can. Geotech. J., 30,
905–919, https://doi.org/10.1139/t93-089, 1993.

Leshchinsky, D., Baker, R., and Silver, M. L.: Three dimensional
analysis of slope stability, Int. J. Numer. Anal. Met., 9, 199–223,
https://doi.org/10.1002/nag.1610090302, 1986.

Li, A. J., Merifield, R., and Lyamin, A.: Three-dimensional stability
charts for slopes based on limit analysis methods, Can. Geotech.
J., 47, 1316–1334, https://doi.org/10.1139/T10-030, 2010.

Lin, F., Wu, L. Z., Huang, R. Q., and Zhang, H.: Formation and
characteristics of the Xiaoba landslide in Fuquan, Guizhou,
China, Landslides, 15, 669–681, https://doi.org/10.1007/s10346-
017-0897-5, 2018.

Ma, Y. C., Su, P. D., and Li, Y. G.: Three-dimensional nonhomo-
geneous slope failure analysis by the strength reduction method
and the local strength reduction method, Arab. J. Geosci., 13, 21,
https://doi.org/10.1007/s12517-019-5000-1, 2020.

Morgenstern, N. R. and Price, V. E.: The analysis of the
stability of general slip surfaces, Geotechnique, 15, 79–93,
https://doi.org/10.1680/geot.1965.15.1.79, 1965.

Park, D. and Michalowski, R. L.: Three-dimensional sta-
bility analysis of slopes in hard soil/soft rock with
tensile strength cut-off, Eng. Geol., 229, 73–84,
https://doi.org/10.1016/j.enggeo.2017.09.018, 2017.

Romer, C. and Ferentinou, M.: Numerical investigations of rock
bridge effect on open pit slope stability, J. Rock Mech. Geotech.,
11, 1184–1200, https://doi.org/10.1016/j.jrmge.2019.03.006,
2019.

Scholtès, L. and Donze, F. V.: A DEM analysis of step-path
failure in jointed rock slopes, CR Mecanique, 343, 155–165,
https://doi.org/10.1016/j.crme.2014.11.002, 2015.

Spencer, E.: A method of analysis of the stability of embankments
assuming parallel inter-slice forces, Géotechnique, 17, 11–26,
https://doi.org/10.1680/geot.1967.17.1.11, 1967.

Stead, D., Eberhardt, E., and Coggan, J. S.: Development in the
characterization of complex rock slope deformation and failure

using numerical modeling techniques, Eng. Geol., 83, 217–235,
https://doi.org/10.1016/j.enggeo.2005.06.033, 2006.

Tang, C. A., Lin, P., Wong, R. H. C., and Chau, K. T.: Analysis of
crack coalescence in rock-like materials containing three flaws –
Part II: Numerical approach, Int. J. Rock Mech. Min., 38, 925–
939, https://doi.org/10.1016/S1365-1609(01)00065-X, 2001.

Titti, G., Bossi, G., Zhou, G. G. D., Marcato, G., and
Pasuto, A.: Backward automatic calibration for three-
dimensional landslide models, Geosci. Front., 12, 231–241,
https://doi.org/10.1016/j.gsf.2020.03.011, 2020.

Tuckey, Z. and Stead, D.: Improvements to field and remote
sensing methods for mapping discontinuity persistence and in-
tact rock bridges in rock slopes, Eng. Geol., 208, 136–153,
https://doi.org/10.1016/j.enggeo.2016.05.001, 2016.

Wang, H. L. and Xu, W. Y.: Stability of Liangshuijing
landslide under variation water levels of Three Gorges
Reservoir, Eur. J. Environ. Civ. En., 17, 158–173,
https://doi.org/10.1080/19648189.2013.834592, 2013.

Wang, W. P., Yin, Y. P., Yang, L. W., Zhang, N., and Wei,
Y. J.: Investigation and dynamic analysis of the catastrophic
rockslide avalanche at Xinmo, Maoxian, after the Wenchuan
Ms 8.0 earthquake, B. Eng. Geol. Environ., 79, 495–512,
https://doi.org/10.1007/s10064-019-01557-4, 2019.

Xu, Q., Fan, X. M., Huang, R. Q., Yin, Y. P., Hou, S. S., Dong, X. J.,
and Tang, M. G.: A catastrophic landslide-debris flow in Wulong,
Chongqing, China in 2009: background, characterization, and
causes, Landslides, 7, 75–87, https://doi.org/10.1007/s10346-
009-0179-y, 2010.

Yin, Y. P., Sun, P., Zhang, M., and Li, B.: Mechanism
on apparent dip sliding of oblique inclined bedding rock-
slide at Jiweishan, Chongqing, China, Landslides, 8, 49–65,
https://doi.org/10.1007/s10346-010-0237-5, 2011.

Zhang, H. Q., Zhao, Z. Y., Tang, C. A., and Song, L.: Numerical
study of shear behavior of intermittent rock joints with different
geometrical parameters, Int. J. Rock Mech. Min., 43, 802–816,
https://doi.org/10.1016/j.ijrmms.2005.12.006, 2006.

Zhang, K., Cao, P., Meng, J. J., Li, K. H., and Fan, W. C.: Mod-
eling the progressive failure of jointed rock slope using fracture
mechanics and the strength reduction method, Rock Mech. Rock
Eng., 48, 771–785, https://doi.org/10.1007/s00603-014-0605-x,
2014.

Zhang, K., Chen, Y. L., Fan, W. C., Liu, X. H., Luan, H. B., and
Xie, J. B.: Influence of intermittent artificial crack density on
shear fracturing and fractal behavior of rock bridges: Experi-
mental and numerical studies, Rock Mech. Rock Eng., 53, 1–16,
https://doi.org/10.1007/s00603-019-01928-z, 2020.

Zhang, Y. B., Chen, G. Q., Zheng, L., Li, Y. G., and Zhuang, X.
Y.: Effects of geometries on three-dimensional slope stability,
Can. Geotech. J., 50, 233–249, https://doi.org/10.1139/cgj-2012-
0279, 2013.

Zhou, Y. T., Shi, S. W., Tang, H. M., and Wang, L. F.: As-
sessment of rockfall hazards of Moziyan in Hechuan Dis-
trict, Chongqing, China, Geotech. Geol. Eng., 38, 5805–5817,
https://doi.org/10.1007/s10706-020-01394-3, 2020.

Zhou, Y. T., Zhao, X. Y., Zhang, J. J., and Meng, M. H.: Iden-
tification of a locking segment in a high-locality landslide in
Shidaguan, Southwest China, Nat. Hazards, 111, 2909–2931,
https://doi.org/10.1007/s11069-021-05162-1, 2022.

Nat. Hazards Earth Syst. Sci., 24, 891–906, 2024 https://doi.org/10.5194/nhess-24-891-2024

https://doi.org/10.1007/s10064-011-0403-6
https://doi.org/10.1007/s10346-014-0517-6
https://doi.org/10.1139/t89-079
https://doi.org/10.21776/ub.civense.2020.00301.6
https://doi.org/10.1016/j.ijrmms.2004.07.001
https://doi.org/10.1139/t93-089
https://doi.org/10.1002/nag.1610090302
https://doi.org/10.1139/T10-030
https://doi.org/10.1007/s10346-017-0897-5
https://doi.org/10.1007/s10346-017-0897-5
https://doi.org/10.1007/s12517-019-5000-1
https://doi.org/10.1680/geot.1965.15.1.79
https://doi.org/10.1016/j.enggeo.2017.09.018
https://doi.org/10.1016/j.jrmge.2019.03.006
https://doi.org/10.1016/j.crme.2014.11.002
https://doi.org/10.1680/geot.1967.17.1.11
https://doi.org/10.1016/j.enggeo.2005.06.033
https://doi.org/10.1016/S1365-1609(01)00065-X
https://doi.org/10.1016/j.gsf.2020.03.011
https://doi.org/10.1016/j.enggeo.2016.05.001
https://doi.org/10.1080/19648189.2013.834592
https://doi.org/10.1007/s10064-019-01557-4
https://doi.org/10.1007/s10346-009-0179-y
https://doi.org/10.1007/s10346-009-0179-y
https://doi.org/10.1007/s10346-010-0237-5
https://doi.org/10.1016/j.ijrmms.2005.12.006
https://doi.org/10.1007/s00603-014-0605-x
https://doi.org/10.1007/s00603-019-01928-z
https://doi.org/10.1139/cgj-2012-0279
https://doi.org/10.1139/cgj-2012-0279
https://doi.org/10.1007/s10706-020-01394-3
https://doi.org/10.1007/s11069-021-05162-1

	Abstract
	Introduction
	Study site
	Methodology
	Rock bridge models in the simulation program
	The 3D stability simulations
	The 2D stability simulation

	Results
	Comparative analysis of 2D and 3D stability
	Analysis of landslide deformations

	Discussion
	Effects of the locking ratio on 3D stability
	Effects of the strength parameters of the sliding surface and locking masses on 3D stability
	Comparative analysis of the three rock bridge models in the numerical simulation program

	Conclusions
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

