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Abstract
To study the formation mechanism of trailing edge fracture surfaces of retrogressive landslides, model tests, theoretical 
analysis, and numerical simulations are used. Firstly, a test device that could realize segmented softening of sliding zone soils 
was developed, and the progressive failure process was realized by injecting water into different permeable boxes. Twelve 
groups of model tests were carried out to observe the characteristics of the trailing edge cracks and the inclination angles of 
the fracture surfaces. The results showed that the longer the unstable sliding zone, the larger the deformation range of the 
slope. Different unstable sliding sections corresponded to a single main crack. The trailing edge cracks were mainly folded 
line type, (inverted) arc type, and linear type, and the folded line type cracks accounted for more than 1/2 of the total number. 
The inclination angles of the trailing edge fracture surfaces were mostly less than 90°, accounting for about 83.72% of the 
total. The inclination angles of the trailing edge fracture surfaces obtained by the sliding tensile cracking mechanism were 
the closest to the experimental values, and the relative errors were less than 10%. The formation mechanism of the trailing 
edge fracture surfaces is that tensile failure plays a leading role in the formation of the trailing edge fracture surfaces. The 
surface layer of the landslide body mainly undergoes tensile failure, and the middle and lower parts of the landslide body 
form a tensile-shear mixed action zone. The bottom sliding surface is dominated by shear failure.

Keywords Water-induced weakening · Retrogressive landslide · Trailing edge fracture surface · Formation mechanism · 
Progressive failure

Introduction

Landslide geological disasters are widely distributed world-
wide and have great harm (Ding et al. 2012; Liu and Li 2015; 
Take et al. 2015; Xu et al. 2017; Graber et al. 2021). As an 
important landslide form, a retrogressive landslide is very 
common in engineering construction. Under the action of 
natural and human factors such as reservoir water rise, rain-
water erosion, valley cutting, and engineering excavation, the 
slope toe loses support and the internal stress field changes. 
It is easy to form cracks at the trailing edge and gradually 
develop backward, forming retrogressive landslides (Qi et al. 
2018; Kennedy et al. 2021; Shan et al. 2021).

Among the various factors inducing retrogressive land-
slides, rainfall (Alimohammadlou et al. 2014; Zhang et al. 
2016; Pan et al. 2017), reservoir water level change (Liu 
et al. 2021), groundwater rise (Lv et al. 2019), and irriga-
tion (Lian et al. 2020; Graber et al. 2021) will lead to the 
first saturation weakening of soil at the foot of the slope, 
causing retrogressive sliding of the slope and forming ret-
rogressive landslides. Such cases have been reported many 
times (Oezdemir and Delikanli 2009; Huang et al. 2018; Yin 
et al. 2020). According to statistics, among the many fac-
tors inducing landslides, rainfall and reservoir water account 
for the vast majority (Guo et al. 2020; Huang et al. 2020). 
Figures 1 and 2 show the progressively upward retrogressive 
landslides induced by river erosions toe and rainfall infiltra-
tions into the sliding zone soils, respectively. Therefore, the 
study of water-induced weakening retrogressive landslides 
has important practical significance.

Figure 3 is the schematic diagram of a retrogressive land-
slide caused by water saturation weakening of the sliding 
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zone soil. Generally, factors such as rainfall, reservoir water, 
irrigation, and groundwater will cause the sliding zone soil 
at the low position to reach saturation first, soften the soil, 
and reduce the shear strength, resulting in the destroying 
of the local slope body. With the continuous expansion of 
the water-saturated range of the sliding zone soil, the whole 
slope instability is finally induced (Jiang et al. 2014; Wang 
et al. 2020; Liao et al. 2021).

The natural slope often causes retrogressive sliding due to 
the river valley cutting or soaking the foot of the slope, form-
ing a multi-stage trailing edge fracture surfaces. In Fig. 4, 
the “Scrap1,” “Scrap2,” and “Scrap3” are the trailing edge 

fracture surfaces formed during the graded sliding process of 
retrogressive landslides (Kennedy et al. 2021). However, the 
instability sliding of the sliding masses at all levels does not 
occur instantaneously, but has the characteristics of progres-
sive failure. In 1964, Skempton (1964) proposed the concept 
of progressive failure of the slopes and pointed out that the 
phenomenon of slope instability often does not reach the 
limit state at each point on the sliding surface at the same 
time, but begins to break from one part and then develops to 
other parts. After decades of development, the landslide has 
the characteristics of progressive failure, which has become 
a consensus in the landslide research community. The 

Fig. 1  A reservoir water 
weakening-induced retrogres-
sive landslide (Eshraghian et al. 
2008)

Fig. 2  A rainwater weakening-
induced retrogressive landslide 
(Oezdemir and Delikanli 2009)
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revelation and application of the progressive failure law of 
landslides have also become a hot issue in landslide research 
(Troncone et al. 2015; Zhang et al. 2020; Zuo et al. 2021).

In the progressive failure process of retrogressive land-
slides, when each sliding mass loses stability, it forms a bot-
tom sliding surface and trailing edge fracture surface (Sun 
et al. 2018), as shown in Fig. 4. Similar to the general land-
slide analysis, the primary task in the retrogressive landslide 
analysis is to carry out a landslide survey and determine the 
landslide scale (Sun et al. 2018). The core task is to deter-
mine the scope of the landslide, namely the spatial sliding 
surfaces and the trailing edge fracture surfaces. The bottom 
sliding surfaces can be obtained by drilling data analysis, 
such as the developed existing sliding surfaces or weak 
interlayers, their spatial positions are easy to determine. 
The trailing edge fracture surfaces are generally determined 
by slope cracks. However, the landslide scarps only reveal 
the surface boundary of landslide development. There is no 
reliable method for how the scarps extend into the slope and 

intersect with the existing sliding surfaces (or weak inter-
layer). According to experience, the trailing edge is usually 
considered to be a fracture surface with a steep inclination 
angle (Xu et al. 2014; Sun et al. 2018). However, the val-
ues of the specific inclination angles have greater subjective 
randomness. In fact, the spatial shapes of the trailing edge 
surfaces determine the scale of the landslide body, which has 
an important influence on the stability analysis and thrust 
calculation of landslides. Therefore, it is necessary to study 
the progressive failure process and formation mechanism of 
the trailing edge fracture surfaces of retrogressive landslides.

The indoor model test is an essential means for studying 
the progressive failure process and formation mechanism 
of retrogressive landslides. Previous studies primarily used 
slope rainfall or reservoir water soaking slope to study the 
landslide instability mechanism, but these test methods were 
difficult to infiltrate into the sliding zone in a short time. In 
most cases, the shallow slope surface has been scoured and 
destroyed, but the sliding zone soils have not yet reached 

Fig. 3  Representation of water 
infiltration path and softening 
process of the sliding zone soil

Fig. 4  Multiple sliding masses 
and multiple scarps caused 
by water-induced weakening 
retrogressive landslides. SM 
represents sliding mass
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saturation, and such landslides are not caused by sliding 
zone instability (Regmi et al. 2014; Yin et al. 2020). How-
ever, for the water-induced weakening retrogressive land-
slides, the saturated simulation of the sliding zone soils is 
more realistic than the saturated simulation of the slope 
body. For this reason, a model test device that can simulate 
the segmental instability is designed and developed in this 
paper. Water can be injected into different segmented bot-
tom sliding surfaces to achieve graded softening of sliding 
zone soils and reproduce the progressive failure process of 
retrogressive landslides.

In addition, many scholars have used the finite element 
software and discrete element software to discuss the for-
mation process of retrogressive landslides on the study of 
landslide instability mechanism. In terms of finite element 
analysis, Kaya et al. (2016) used the Phase2 finite element 
program to determine the strength reduction factor (SRF) 
of the slope. It was considered that the failure mechanism 
is not directly controlled by joints, which may be related 
to the lower strength parameters of rock mass and joints, 
and the preventive measures to stabilize the region by using 
the Phase2 program were used. Su et al. (2019) proposed a 
landslide sliding distance prediction model. The sliding sur-
face parameters were derived by the Bishop method, and the 
predicted landslide distance was very close to the measured 
value. Li et al. (2022) used Phase2 and Optum G2 numerical 
programs based on strength reduction finite element analysis 
and finite element limit analysis methods respectively for 
numerical analysis. It was considered that the failure mech-
anism of slope toe was the dominant failure mechanism, 
and the depth of the failure surface was more sensitive to 
the change of slope angles, cohesion, and water level posi-
tion. In terms of discrete element analysis, such as Wei et al. 
(2019) combined with a digital elevation model (DEM), a 
PFC three-dimensional numerical model of the landslide 
was constructed to simulate the failure process of the slope. 
The simulation results were in good agreement with the real 
landslide characteristics and the video interpretation of the 
landslide movement process. Chang et al. (2022) developed 
a particle flow code (PFC) to simulate the failure process of 
loess landslides under strong earthquakes. Hu et al. (2022) 
used the PFC numerical model to invert the digital elevation 
model and shear strength parameters corresponding to the 
rheology of landslide debris flow materials. The simulation 
results were consistent with the shape of the landslide dam. 
However, there is no research on the formation mechanism 
of the trailing edge fracture surfaces. Therefore, this paper 
will focus on the formation mechanism of the trailing edge 
fracture surfaces of retrogressive landslides.

Based on the above analysis, this paper taked the water-
induced weakening retrogressive landslides as the research 
object and designed a test device that could simultaneously 
simulate the softening effect of groundwater on the sliding 

zone soils and the progressive failure process of retrogres-
sive landslides. The device consisted of several permeable 
boxes to form a segmented sliding surface, which could 
simulate the sliding surfaces of various geometric shapes. 
By injecting water into different permeable boxes, the slid-
ing zone soils were softened in stages to simulate various 
landslide failure modes. Twelve test schemes were designed 
to simulate the instability of different sliding zone soils, 
sliding zone shapes, slope angles, and slope thicknesses, 
and to observe the inclination angles of the trailing edge 
fracture surfaces of the unstable sliding mass. Finally, the 
forming mechanism of the trailing edge fracture surfaces of 
retrogressive landslides was discussed by the finite element 
method and discrete element method.

Model tests

“Segmented sliding surface bottom infiltration 
method” test device

Studies have shown that rainfall and reservoir water are the 
main factors inducing landslide revival. The reasons include 
the increase of landslide weight caused by rainfall, the ero-
sion of the slope surface caused by reservoir water rising, the 
saturated softening of the sliding zone soils, and the seepage 
outside the slope caused by the groundwater level rising. 
Among them, the infiltration of surface water or groundwa-
ter into the potential sliding zone leads to a decrease in the 
shear strength of sliding zone soils, which is the main reason 
for the instability of landslides. For retrogressive landslides, 
the action process of the water-saturated weakening develops 
gradually, and the instability of the landslides is a typical 
progressive failure process. Therefore, for the sliding simu-
lation of water-induced weakening retrogressive landslides, 
it is necessary to simultaneously reflect the softening effect 
of groundwater on the sliding zone soils and the progressive 
failure characteristics of retrogressive landslides.

The existing model tests generally simulate the influ-
ence of groundwater on the stability of landslides by rain-
fall on the slope or setting reservoir water, which is difficult 
to ensure the uniform infiltration of rainwater or reservoir 
water into the sliding zone soils. In most cases, the shallow 
layer of the slope has been scoured and destroyed, but the 
sliding zone soils has not yet reached saturation. Therefore, 
there is still a lack of suitable test methods for the simulation 
of the progressive failure process of water-induced weaken-
ing retrogressive landslides. To this end, a new test device 
is developed to simulate the gradual saturation softening 
process of the sliding zone soils and the gradual instability 
process of retrogressive landslides, to reflect the main slid-
ing factors of the gradual instability of retrogressive land-
slides, as shown in Fig. 5.
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In order to realize the model test function and meet the 
test requirements, the test device was mainly composed of 
a model box, permeability system, water injection system, 
test system, and high-speed photography acquisition. To 
facilitate the observation of the deformation and develop-
ment process of landslides, transparent tempered glass was 
used as the visual window on both sides of the model box 
and transparent coordinate calibration paper (used for accu-
rate deformation positioning analysis) was set. Through the  
video tracker and digital camera installed on the sides of 
the model box, the whole process of deformation character-
istics and cracks development of the sliding masses could 
be observed in real time. The size of the model box was 
120  cm × 30  cm × 80  cm (length × width × height). The 
model box was used to fill the sliding mass soils and the slid-
ing zone soils, and the sliding bed was fixed. The main body 
of the device was a segmented sliding surface composed of 
several permeable boxes, as shown in Fig. 5. The shapes of 
the sliding zone could be changed by changing the shapes of 
the sliding bed, such as simulating arc sliding zone, folded 
line sliding zone, and linear sliding zone. The size of the 
permeable box was 30 cm × 12 cm × 2 cm, which was made 
of a 1-mm thick steel plate. The permeable box was empty 
except for a 1-cm-high bracket. The permeable stones were 
placed on the bracket, and the permeability coefficient of 
the permeable stones was 1 ×  10−3 cm/s. The water injection 
pipes were drawn from the bottom of the permeable boxes, 
and each group of water injection pipes was set to the same 
head and connected with the water injection container. At 
the same time, the water control ball valves were installed 
on the upper part of the water injection pipes to control the 
opening and closing of water and adjust the flow rate.

At the beginning of the test, the sliding zone soils 
and sliding mass soils were filled successively above the 

segmented sliding surface. The water injection pipes of 
each group were adjusted to the same flow rate, and the 
water flowed through the permeable stones and infiltrated 
evenly into the sliding zone soils. The sliding zone soils 
softened with the increase of water injection to realize 
the graded instability of sliding masses. Twelve groups of 
schemes were designed. By injecting water into different 
permeable boxes from front to back, various segmented 
sliding and progressive instability processes of retrogres-
sive landslides could be simulated.

Test model

In the experiment, 50-mesh silica sand and 600-mesh 
ultrafine clay were used as raw materials to configure the 
sliding zone soils and sliding mass soils. The mass ratio 
of silica sand to ultrafine clay in sliding mass soils was 
2:1, and the sliding zone soils were composed of ultrafine 
clay. Twelve groups of test schemes were designed, mainly 
considering the effects of different instability sliding zone 
lengths, sliding zone shapes, slope angles, and sliding 
mass thickness on the trailing edge morphology of retro-
gressive landslides. The slope model was shown in Fig. 6. 
The permeable boxes were numbered from the front shear 
outlet of the model boxes, which were 1, 2, and 3… 11 
from front to back. The design of working conditions was 
shown in Table 1.

The physical and mechanical parameters including 
sliding mass soils and sliding zone soils were shown in 
Table 2. Among them, γ was the natural weight, Es was the 
compression modulus, c was the cohesion, and φ was the 
internal friction angle. The permeability coefficient of the 
slope material was 3~5 ×  10−6 m/s, which was sufficient 
to absorb all the seeping water. In the process of making 
the model, the permeable boxes were laid on the sliding 
zone in turn, and the joint and the surrounding boundary 
were sealed. Then, the glass plate of the model box was 
layered and lined, and the outline of the sliding mass was 
drawn. The sensors were arranged according to the experi-
mental design. The sliding mass soils were compacted by 
layers and scratched between layers. After the laying was 
completed, the slope was cut to obtain the design slope. 
To reduce the friction between the slope and the glass on 
both sides, a friction reducer was added to the contact area 
to minimize the influence of side friction.

Description: No. 1 ~ No. 12 correspond to Fig. 6a ~ i, 
respectively. The data in each group in the table repre-
sent the parameters of sliding mass soils and sliding zone 
soils, for example, 16.14/12.15. The previous data repre-
sents sliding mass soils, and the latter represents sliding 
zone soils.

Fig. 5  “Segmented sliding surface bottom infiltration method” test 
device (Sun et al. 2018)
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Fig. 6  Sketches of different 
schemes in physical model 
tests: a, b, and c show different 
schemes with various lengths 
of the softened sliding zone; d, 
e, and f show different schemes 
with various thickness of the 
sliding masses; g, h, and i show 
different schemes with various 
shapes of the sliding zone; j, k, 
and l show different cases with 
various slope angles

Table 1  Test schemes design No Sand-soil ratio Slope shape Sliding section (water 
injection condition)
According to penetration 
box number)

Sliding 
mass soil

Sliding 
zone soil

Sliding surface shape Slope shape

1 2:1 0:1 Linear type Two-section line 2 + 3/4 + 5/6 + 7/8 + 9
2 2:1 0:1 Linear type Two-section line 2 + 3 + 4/5 + 6 + 7/8 + 9 + 10
3 2:1 0:1 Linear type Two-section line 2 + 3 + 4 + 5/6 + 7 + 8 + 9
4 2:1 0:1 Linear type Two-section line 2 + 3/4 + 5/6 + 7/8 + 9
5 2:1 0:1 Linear type Two-section line 2 + 3/4 + 5/6 + 7/8 + 9
6 2:1 0:1 Linear type Two-section line 2 + 3/4 + 5/6 + 7/8 + 9
7 2:1 0:1 Linear type Two-section line 2 + 3/4 + 5/6 + 7/8 + 9
8 2:1 0:1 Arc type Two-section line 2 + 3 + 4/5 + 6 + 7/8 + 9
9 2:1 0:1 Fold type Two-section line 2 + 3 + 4/5 + 6 + 7/8 + 9
10 2:1 0:1 Linear type Two-section line 2 + 3 + 4/5 + 6 + 7/8 + 9
11 2:1 0:1 Linear type Two-section line 2 + 3 + 4/5 + 6 + 7/8 + 9
12 2:1 0:1 Linear type Two-section line 2 + 3 + 4/5 + 6 + 7/8 + 9
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Test process

The influence of water-saturated softening of the sliding 
zone soils of the trailing edge fracture surfaces of ret-
rogressive landslides is mainly simulated in the experi-
ment. Therefore, the cohesion and internal friction angles 
of the sliding zone soils under different water contents 
were tested before the experiment. Six groups of the slid-
ing zone soils with water contents (10%, 15%, 20%, 25%, 
30%, 35%) were configured, and the results were plotted 
as curves, as shown in Fig. 7. Figure 7 shows that with 

the increase of water content, the cohesion, and internal 
friction angles of the sliding zone soils decrease signifi-
cantly, and the shear strength of the sliding zone soils is  
controlled by the change of water content. To further prove  
the softening effect of water on the sliding zone soils, 
volumetric water content sensors were set up at the sliding  
zone of the model slope to monitor the real-time change 
trend of water content in sliding zone soils. The results 
showed that with the increase of the volumetric water 
content of the sliding zone soils, the deformation  
of the model slope gradually increased until it increased 
to about 35% ~ 40% and then tended to be stable  
(Sun et al. 2023).

At the beginning of the experiment, the sliding zone soils 
were softened in sections according to the design conditions. 
The sliding zone soils were gradually saturated, and the 
shear strength was continuously reduced. The unstable slid-
ing masses gradually formed and slipped forward. With the 
continuous development of deformation, the sliding masses 
were gradually separated from the rear sliding masses. Due to  
the lack of support, the anti-sliding force of the rear sliding 
masses was reduced, and the stability was reduced to the limit  
equilibrium state. After that, small deformation began to 
occur until the former sliding masses gradually stabilized.  
At this time, the following working conditions were car-
ried out. To avoid the potential corrosion of water on the  
sliding mass soils, the water injection rate was controlled 
in a small range. The sliding zone soils within the scope of  
the first group permeable boxes simultaneously injected  
with water was called the first-stage sliding zone, and the 

Table 2  Physical and mechanical parameters of model soil

No γ/kN/m3 e
–

Es/MPa c/kPa φ/°

1 16.14/12.15 0.76/1.05 8.45/4.12 11.18/40.92 32.88/18.80
2 15.60/11.78 0.80/1.14 7.56/4.58 16.00/43.14 21.42/18.76
3 14.26/10.87 0.98/1.17 8.57/4.54 15.08/40.37 26.60/18.81
4 15.34/10.08 0.85/1.12 7.45/4.31 13.63/40.14 23.37/17.66
5 15.07/11.31 0.88/1.17 7.68/4.27 14.16/41.37 25.55/18.24
6 13.18/12.24 1.18/1.22 8.96/5.31 15.33/43.11 24.68/17.64
7 14.26/11.24 0.97/1.15 7.98/5.24 12.83/40.47 30.38/16.25
8 13.74/10.36 1.13/1.18 8.02/7.64 11.45/12.23 20.19/19.78
9 14.75/13.54 0.97/1.15 8.24/8.17 12.34/10.38 18.66/20.05
10 15.02/11.32 0.89/1.13 7.34/4.57 10.55/41.03 18.46/17.46
11 15.28/10.54 0.88/1.24 8.47/5.01 12.34/41.13 20.66/18.38
12 16.71/11.29 0.76/1.15 8.16/4.25 16.57/44.18 20.03/15.87

Fig. 7  The c ~ ω/φ ~ ω curves of 
the sliding zone soils
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deformation slope caused by its softening was called the  
first-stage sliding mass, and so on.

Test result analysis

Evolution characteristics of trailing edge cracks

Based on the experimental phenomena of each group, the 
trailing edge crack morphology has the following typical 
development laws:

1. There was a good correlation between the length of the 
unstable sliding zone and the deformation range of the 
slope body. The longer the unstable the sliding zone, 
the more extensive the deformation range of the slope. 
The deformation of the sliding zone directly determined 
the deformation of the slope body, and the sliding zone 
controlled the stability of the slope body. Taking No. 8 
as an example, crack1 was formed on the slope surface 
when water was injected into the first-stage sliding zone 
(permeable boxes 2 ~ 4), and the range of the deformed 
slope was called sliding mass 1 (SM1). When water was  
injected into the second-stage sliding zone (permeable boxes  

5 ~ 7), crack2 was formed on the slope surface, and the 
range of the deformed slope was called sliding mass 2 
(SM2). When water was injected into the third-stage  
sliding zone (permeable boxes 8 ~ 9), crack3 was formed 
on the slope surface, and the range of the deformed slope 
was called sliding mass 3 (SM3). The formation process 
of sliding masses at all levels was shown in Fig. 8.

2. The spatial forms of the trailing edge cracks in the land-
slides were not single, which were affected by various 
factors, mainly manifested as folded line, (inverted) 
arc, and linear. Among them, the folded line cracks 
accounted for more than 1/2 of the total number, as 
shown in Fig. 9.

3. Each unstable sliding section corresponded to a single 
crack. A certain section of the sliding zone was insta-
bility, and only one main crack was observed on the 
slope corresponding to it, as shown in Fig. 10a. Injecting 
water caused cracks on the slope surface, if the injected 
water volume increased, the width of original crack 
would continue to increase, which was equivalent to 
the main crack of the real landslides. Taking No. 7 and 
No. 9 as examples, they were divided into three sliding 
zones, namely the first-stage sliding zone (permeable 
boxes 2 ~ 4), the second-stage sliding zone (permeable 

Fig. 8  The gradual development 
process of the trailing edge 
cracks
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boxes 5 ~ 7), and the third-stage sliding zone (perme-
able boxes 8 ~ 9). Firstly, the first-stage sliding zone 
was injected with water, and the sliding zone soil was 
gradually saturated and softened, and then, a main crack 
appeared on the back slope of the permeable box 4, as 
shown in Figs. 10a ~ b and 11a ~ b; subsequently, water 
was injected into the second-stage sliding zone, and the 
second main crack (Figs. 10c ~ d, 11c ~ d) appeared on 
the slope above the permeable box 7; finally, the third 
main crack (Figs. 10e ~ f, 11e ~ f) was generated on the 
slope above the permeable box 9 by injecting water into 
the third-stage sliding zone.

4. The thickness of the slope affected the crack morphol-
ogy of the trailing edge fracture surfaces. When the thick-
ness was larger, the cracks in the trailing edge of the slope  
were “inverted arc”; when the thickness decreased and 
the trailing edge cracks developed into a “fold line”, the  
final shape was the “straight + semi-arc” type, as shown in  
Fig. 12. The increase of slope thickness caused the change  
of slope stress state, which led to the stress concentration 
near the slope toe, so the high slope was unsafe.

5. The slope angle change of the model slope led to a sig-
nificant change in the morphology of the trailing edge 
cracks. With the increase of the slope angles, the trailing 
edge cracks of the sliding masses at all levels gradually 
presented “L-shaped fold line”, “linear type”, “arc type”, 
“inverted arc line”, and “fold line”. This change process 
showed that when the slope angles were small, the slope 
mainly underwent translational failure (Fig. 13a ~ b); 
as the angle increased, the rotation failure was gradu-
ally dominant (Fig. 13c). Finally, rotational failure and 

translational failure occurred simultaneously (Fig. 13d) 
(Wang et al. 2016). The change of slope angles has a 
great influence on the stress field of the landslide body, 
thus forming different trailing edge crack forms.

Inclination angles of the trailing edge fracture surfaces

Taking No. 8 as an example, the slope model before inject-
ing water was shown in Fig. 14. To better quantify the shapes 
of the trailing edge fracture surfaces, the concept of the 
inclination angles of the trailing edge fracture surfaces was 
proposed. The inclination angle was the angle between the 
fracture point on the slope and the end line of the unstable 
sliding zone and the horizontal plane, as shown in Fig. 15. 
According to the scheme design, the sliding zone composed 
of permeable boxes was divided into three levels, and water 
was injected into the permeable boxes from front to back, 
forming three-stage trailing edge fracture surfaces, respec-
tively. The inclination angles of the trailing edge fracture 
surfaces were measured, as shown in Fig. 16. According to 
this quantitative method, the inclination angles of the trail-
ing edge fracture surfaces were summarized, as shown in 
Table 3.

GKi represents the working conditions; the “2 ~ 3” rep-
resents the combination of permeable boxes 2 and 3; the 
“2 ~ 4” represents the combination of permeable boxes 2, 3, 
and 4; the others are the same.

The inclination angles of the trailing edge fracture sur-
faces of each group are analyzed, and the conclusions are 
as follows:

Fig. 9  The trailing edge crack 
morphology: a, b, c, and d show 
the cracks morphology of linear, 
arc, and fold, respectively
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1. The inclination angles of the trailing edge fracture sur-
faces were mostly steep inclination angles of less than 
90°, accounting for about 83.72% of the total. The incli-
nation angles within 60° ~ 70°, 70° ~ 80°, and 80° ~ 90° 
were 6.98%, 34.88%, and 41.86%, respectively.

2. In the same test condition, the inclination angles of 
the trailing edge fracture surfaces were parallel to the 
straight slope with the same thickness. With the increase 
of slope thickness, the inclination angles of the trailing 
edge fracture surfaces gradually increased. The slope 
deformation range was about 1 ~ 1.5 times the length of 
the unstable sliding zone.

3. Different forms of sliding surfaces had a direct influ-
ence on the slope stress field. Therefore, different 
shapes of trailing edge cracks led to different inclina-
tion angles of trailing edge fracture surfaces. Due to the 
limited number of samples, no regular conclusion had 
been reached.

At present, the inclination angles of the trailing edge 
fracture surfaces are only connected by the position of the 
slope cracks and the end of the softened sliding zone. This 
simplified method is still insufficient and needs further 
exploration.

Fig. 10  The trailing edge crack 
morphology of each sliding 
zone instability (No. 7): a, 
b the first-stage sliding zone 
(permeable boxes 2 ~ 4); c, d 
the second-stage sliding zone 
(permeable boxes 5 ~ 7); e, f the 
third-stage sliding zone (perme-
able boxes 8 ~ 9)
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Fig. 11  The trailing edge crack 
morphology of each sliding 
zone instability (No. 9): a, 
b the first-stage sliding zone 
(permeable boxes 2 ~ 4); c, d 
the second-stage sliding zone 
(permeable boxes 5 ~ 7); e, f the 
third-stage sliding zone (perme-
able boxes 8 ~ 9)

Fig. 12  Crack morphology of 
trailing edge fracture surfaces 
with different thickness
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Fig. 13  Crack morphology of 
trailing edge fracture surfaces 
with different slope angles

Fig. 14  Initial model of slope

Fig. 15  Inclination angle α of 
the trailing edge fracture surface
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The calculation method of inclination angles 
of trailing edge fracture surfaces

According to the evolution characteristics of the sliding 
masses of model slopes and the failure mode of the retro-
gressive landslides, the geomechanical model of the retro-
gressive landslides (Fig. 17) is generalized, and the inclina-
tion angles of the trailing edge fracture surfaces of sliding 
masses at all levels are calculated.

For the retrogressive landslides, the first-stage sliding 
mass is initially in a stable state. Due to the infiltration of 
surface water or the rise of groundwater, the shear strength of  
the sliding surface is reduced and gradually enters the limit 
equilibrium state. At this time, the shear strength of the slid-
ing mass soil plays a role, bears a part of the shear force, and 
the damage continues to develop until the trailing edge frac-
ture surface gradually penetrates the bottom sliding surface. 
The shear strength of the sliding mass is fully exerted; then, 
the sliding mass is unstable. Therefore, it is assumed that 
after the shear strength of the sliding zone soil is reduced to 
a certain value, the bottom sliding surface appears unstable 
sliding, and then, a tensile-shear failure surface is formed in  

the sliding mass. Because the tensile stress value of soil is 
small, it cannot be calculated. At this time, only the safety 
factor of the bottom sliding surface is calculated, and the 
trailing edge fracture surface is in a critical state under the 
original shear strength parameters. According to the limit 
equilibrium condition and Mohr-Coulomb criterion, the 
equations are listed. By assuming the possible inclination 
angles of the trailing edge fracture surfaces when the sliding 
mass is destroyed, the safety factors of the sliding masses 
corresponding to different inclination angles are obtained. 
Finally, the inclination angle of the trailing edge fracture sur-
face corresponding to the calculated minimum safety factor 
is the request (Sun et al. 2022). The specific solution process 
is shown in Fig. 18.

Mechanism analysis of trailing edge fracture 
surfaces

According to the existing slope stability analysis theory, 
it can be assumed that there are three possible formation 
mechanisms of the trailing edge fracture surfaces of ret-
rogressive landslides: the overall sliding mechanism, the 
sliding tensile cracking mechanism, and the sliding shear 
deformation mechanism (Yang et al. 2018). Taking No. 1 as  

Fig. 16  Inclination angles of the trailing edge fracture surfaces at all 
levels

Table 3  Test values of 
inclination angle α of the 
trailing edge fracture surfaces

No GK1 Inclination 
angle

GK2 Inclination angle GK3 Inclination angle GK4 Inclination angle

1 2 ~ 3 80° 4 ~ 5 87° 6 ~ 7 78° 8 ~ 9 89°
2 2 ~ 4 76° 5 ~ 7 83° 8 ~ 10 72°
3 2 ~ 5 79° 6 ~ 9 80°
4 2 ~ 3 78° 4 ~ 5 75° 6 ~ 7 65° 8 ~ 9 77°
5 2 ~ 3 88° 4 ~ 5 88° 6 ~ 7 88° 8 ~ 9 88°
6 2 ~ 3 90° 4 ~ 5 90° 6 ~ 7 90° 8 ~ 9 84°
7 2 ~ 3 73° 4 ~ 5 67° 6 ~ 7 76° 8 ~ 9 75°
8 2 ~ 4 67° 5 ~ 7 78° 8 ~ 9 87°
9 2 ~ 4 89° 5 ~ 7 86° 8 ~ 9 96°
10 2 ~ 3 90° 4 ~ 5 99° 6 ~ 7 109° 8 ~ 9 103°
11 2 ~ 3 95° 4 ~ 5 103° 6 ~ 7 104° 8 ~ 9 81°
12 2 ~ 3 81° 4 ~ 5 72° 6 ~ 7 80° 8 ~ 9 81°

Fig. 17  Generalization model of retrogressive landslides
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an example, the formation mechanism of the trailing edge 
fracture surfaces was discussed by comparing the calculation  
results of the three formation mechanisms with the experi-
mental results.

The overall sliding mechanism

The overall sliding mechanism assumes that the sliding sur-
faces of retrogressive landslides are formed by combining 
the bottom sliding surfaces in the sliding zone soils and the 
trailing edge fracture surfaces in the sliding masses, both of 
which exert the shear strength simultaneously and have the 
same sliding safety factors.

The calculation model was established by using the 
two-dimensional rigid body limit equilibrium calculation 
software Rocscience Slide 5.0, and the known sliding sur-
face was set according to the order of each working condi-
tion. For example, the permeation boxes of No. 1 were 2, 
3, and 4, and then, the known sliding surface was shown 
in Fig. 19.

It is known that the search range of the inclination angles 
of the trailing edge fracture surfaces was set to 0 ~ 89° at the 
end of the sliding surfaces. When calculating, several trailing 

edge fracture surfaces were generated in the range of inclina-
tion search and combined with the bottom sliding surfaces 
to form the whole sliding surfaces. The safety factors of the 
sliding masses were calculated by the two-dimensional rigid 
body limit equilibrium method, and the fracture surfaces cor-
responding to the minimum safety factors were obtained. The 
calculation results were shown in Table 4.

It can be seen that the inclination angles of the fracture 
surfaces were generally 30° ~ 50°. In the range of inclination 
search, the calculated values changed little and were far less 
than the experimental values.

The sliding tensile cracking mechanism

The formation mechanism of the trailing edge fracture sur-
faces is assumed that when the shear strength of the sliding 
zone soils decreases and the sliding masses slide forward, 
the trailing edge surfaces of the sliding masses appear tensile 
failure, and the trailing edge fracture surfaces are the tensile 
failure surfaces.

Therefore, the two-dimensional numerical calculation model 
was established, and the phase2 software (Abdollahipour 
and Rahmannejad 2013; Ghorbani et al. 2021) was used to 

Fig. 18  The calculation process 
of the inclination angles of the 
trailing edge fracture surfaces
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calculate the slope stress field. The shear strength parameters 
were selected according to the Table 2, and the Mohr-Coulomb 
ideal elastic-plastic constitutive model was adopted. Through 
software analysis, the maximum principal stress trace direction 
at the end of the permeable boxes under various working condi-
tions was obtained, and the inclination angles of the trailing edge 
fracture surfaces were obtained, as shown in Fig. 20. The cal-
culated values of the inclination angles were shown in Table 5.

It can be seen that the crack morphology of the trailing 
edge fracture surfaces shows a relatively consistent change 
rule with the test results, and the calculated inclination 
angles are also in good agreement with the test results.

The sliding shear deformation mechanism

Assuming that the sliding zone is unstable, the shear defor-
mation occurs in the sliding mass, and the position of the 
maximum shear strain zone is the position of the trailing 
edge surface, which is controlled by the shear deformation.

A two-dimensional numerical calculation model was 
established, and the Phase2 software was used to calculate  
the maximum shear strain. The calculation parameters  
were shown in Table 2. To obtain a more obvious shear 
strain zone of the sliding mass, the water-saturated effect  
of the sliding zone soils was simulated by reducing the 

Fig. 19  Calculation model 
and results of rigid body limit 
equilibrium (unit: m)

Table 4  The comparison 
between the experimental 
values and the calculated values 
obtained by the overall sliding 
mechanism

No GK1 GK2 GK3 GK4

Test 
value

Calculated 
value

Test 
value

Calculated 
value

Test 
value

Calculated 
value

Test 
value

Calculated 
value

1 80° 42° 87° 44° 78° 44° 89°
2 76° 43° 83° 44° 72°
3 79° 43° 80°
4 90° 41° 89° 40° 92° 40° 79° 42°
5 88° 45° 88° 45° 88° 25° 84° 25°
6 90° 45° 90° 45° 90° 44° 84°
7 78° 27° 78° 33° 76° 42° 75° 45°
8 67° 37° 78° 48° 87° 46°
9 89° 41° 86° 47° 96° 48°
10 90° 31° 99° 46° 109° 45° 103°
11 95° 43° 103° 45° 104° 46° 81°
12 81° 45° 72° 44° 80° 45° 81°
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Fig. 20  Principal stress vectors 
and the inclination angles of the 
trailing edge fracture surfaces 
(unit: m)

Table 5  The comparison between the experimental values and the calculated values obtained by the sliding tensile cracking mechanism

No GK1 GK2 GK3 GK4

Test value Calculated 
value

Test value Calculated value Test value Calculated value Test value Calculated value

1 80° 80° 87° 84° 78° 79° 89° 90°
2 76° 78° 83° 89° 72° 80°
3 79° 78° 80° 84°
4 90° 87° 89° 89° 92° 89° 79° 84°
5 88° 82° 88° 89° 88° 86° 84° 83°
6 90° 92° 90° 82° 90° 83° 84° 84°
7 78° 83° 78° 84° 76° 83° 75° 89°
8 67° 67° 78° 88° 87° 94°
9 89° 92° 86° 93° 96° 91°
10 90° 92° 99° 100° 109° 100° 103° 97°
11 95° 92° 103° 105° 104° 98° 81° 108°
12 81° 99° 72° 99° 80° 94° 81° 93°

Fig. 21  Maximum shear strain 
concentration zone (unit: m)
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shear strength parameters of the sliding zone soils, and 
the cohesion and friction coefficient (tanφ) of the sliding  
zone soils were both reduced to 30% of the natural values.

The calculation results showed that with the decrease 
in shear strength of the sliding zone soils, a prominent 
maximum shear strain concentration zone appeared in 
the sliding mass, as shown in Fig. 21. The midline of 
the shear strain concentration zone was determined, and 
the angle between it and horizontal plane was measured, 
which was the inclination angle of the trailing edge frac-
ture surface (Table 6).

Discussion on formation mechanism 
of the trailing edge fracture surfaces

Analysis of calculation results of the inclination  
angles of the trailing edge fracture surfaces

This study mainly discusses the formation mechanism of 
the trailing edge surfaces from three aspects: the overall 
sliding mechanism, the sliding tensile cracking mecha-
nism, and the sliding shear deformation mechanism. Com-
paring the calculation results of each mechanism with the  
model test, it is found that the calculated values of the 
overall sliding mechanism were much smaller than the 
experimental values, and the relative errors were more 
than 40%. The calculated values of the sliding shear defor-
mation mechanism were relatively close to the experimen-
tal values, mostly smaller than the experimental values,  
and the relative errors were between 10% and 30%. The cal-
culated values of the sliding tensile cracking mechanism  
were closest to the experimental values and fluctuated up 

and down the experimental values, and the relative errors 
were less than 10%.

Accordingly, it can be considered that the formation 
mechanism of the trailing edge surfaces of retrogressive 
landslides is due to the instability of the bottom sliding sur-
face, a tensile failure zone appears at the sliding mass cor-
responding to the end of the unstable sliding surface. The 
tensile stress is controlled by the minimum principal stress, 
and the trailing edge tensile failure surface develops from 
the sliding surface to the slope surface. The direction of the 
tensile fracture surface is consistent with the direction of the 
maximum principal stress.

Formation mechanism analysis

The deformation and sliding of the landslides depend on the 
stress distribution and strength characteristics of the slope, 
and the stress distribution is related to the slope shapes, 
slope height, soil properties, and stratum distribution. In 
the deformation and the disintegration of retrogressive land-
slides, the exerting degree on the shear strength of rock and 
soil mass on the sliding surface is spatially inconsistent. The 
stress field of the landslides, especially the stress distribu-
tion and state of the sliding zone, has an important influence 
on the deformation and instability of the landslide body.

As a force system, the landslide body can be divided into  
an upper tension zone, a middle translation zone, and a 
lower resist-slip compression zone according to the stress 
characteristics. Affected by factors such as reservoir water 
level fluctuations and river erosion, the shear strength of the 
sliding zone at the slope toe decreases first, so the creep of 
the landslide body usually starts from the middle and lower 
parts, and the shear stress concentration is easy to form 

Table 6  Comparison between the experimental values and the calculated values obtained by sliding shear deformation mechanism

No GK1 GK2 GK3 GK4

Test value Calculated 
value

Test value Calculated value Test value Calculated value Test value Calculated value

1 80° 63° 87° 64° 78° 65° 89° 64°
2 76° 62° 83° 74° 72° 65°
3 79° 64° 80° 68°
4 90° 70° 89° 72° 92° 70° 79° 75°
5 88° 69° 88° 63° 88° 66° 84° 74°
6 90° 61° 90° 65° 90° 61° 84° 65°
7 78° 70° 78° 61° 76° 66° 75° 67°
8 67° 64° 78° 69° 87° 76°
9 89° 63° 86° 69° 96° 62°
10 90° 90° 99° 103° 94° 100° 103° 70°
11 95° 92° 103° 105° 104° 98° 81° 108°
12 81° 99° 72° 99° 80° 94° 81° 93°
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near the foot of the slope due to sliding extrusion. When 
the shear stress of the sliding surface of the main sliding 
section exceeds its shear strength, creep occurs, the plastic 
zone is formed and gradually expanded, and the local slope 
creeps forward, which will lead to the active earth pressure 
failure of the rear stable slope due to the loss of lateral sup-
port force, forming the main tensile cracks of the landslides. 
Among them, the major principal stress σ1 is the self-weight 
of the deformed sliding mass, and the small principal stress 
σ3 is in the horizontal direction. Due to the decrease of σ1, 
tension cracks in the vertical sliding direction are generated, 
forming the tension zone at the top of the slope. The larger 
the horizontal stress and the steeper the slope, the larger 
the tensile stress zone. With the extension and expansion of 
the tension cracks, the unstable sliding masses are gradu-
ally formed, and the landslide body undergoes creep-tension 
crack deformation.

Numerical models of PFC

The analysis is carried out using the particle flow program 
 PFC2D numerical simulation method (Wei et al. 2019; Wu 
et al. 2020; Zhang et al. 2021). This program has advantages 
in particle stability, deformation, and constitutive relation-
ship. It can simulate the development process of large defor-
mation of landslides and study the mechanical properties of 
landslides from a microscopic perspective. The evolution 
process and formation mechanism of the trailing edge cracks 
of the sliding masses are analyzed in the progressive failure 
process of the retrogressive landslides.

Due to the bonding parameters of different materials and 
the properties of the materials themselves being quite dif-
ferent, it is extremely important to calibrate the parameters 
of the materials before numerical simulation (Jiang et al. 
2015; Xu et al. 2020). The specific step is to refer to the 
indoor experimental data and experience to give the numeri-
cal model a set of roughly estimated mesoscopic parameters, 
and then use the set of parameters to carry out the numeri-
cal experiment. According to the comparative analysis of 
the numerical experiment results and the indoor experiment 
results, if it exceeds the reasonable range, it is necessary to 
adjust the mesoscopic mechanical parameter model appro-
priately, and then carry out the simulation experiment again 
until the simulation experiment results are consistent with 
the indoor experiment results. This phenomenon shows that 
the set of mesoscopic parameters is reasonable and can be 
used for the next numerical simulation.

In this paper, the parameters were calibrated by the 
biaxial compression test, taking the No. 1 parameters as an 
example. The length of the numerical sample was 0.5 m and 
the height was 1.0 m, as shown in Fig. 22. The particle size 
was evenly distributed between 0.006 and 0.012 mm. The 
ratio of the longest edge L to the particle diameter d was 

about 111.11, which was larger than the ratio L/d = 58 deter-
mined by Jacobson. This indicated that the size was suffi-
cient to form an obvious shear band. The normal stiffness 
was 1 ×  108 N/m, and the tangential contact stiffness was 
1.0 ×  108 N/m, which was close to the literature values. The 
generation of samples was mainly divided into two stages. 
In the first stage, all particles were evenly placed within the 
sample range and there was no contact or overlap between 
any two particles. In the second stage, the friction force 
between particles was set to different specific values (0.45) 
to generate the initial sample. Then, the biaxial compression 
test was carried out. Control the stress to ensure that the 
confining pressure was reached before the partial load was 
implemented. Each sample was divided into four groups, and 
the confining pressure was 50 kPa, 100 kPa, 200 kPa, and 
400 kPa, respectively.

The strength envelope of soil parameters was obtained 
by numerical test (Fig. 23). Based on this, the cohesion and 
internal friction angle of No. 1 sliding zone soil could be 
calibrated, which was consistent with the experimental data 
in this paper and could be used for subsequent simulation.

In the two-dimensional  PFC2D analysis model, the parti-
cles were simulated by a rigid disk, and the discrete particles 
transmitted force through contact. When the force acting on 
the contact point was greater than the contact strength, the 
particles would be separated, and the slope model would 
deform. The constitutive relationship of soil materials was 
mainly characterized by the micro-contact and bonding 
between particles. For homogeneous soil materials, more 
studies used the parallel bonding model to simulate. The 
particles under this model had normal strength, tangential 

Fig. 22  Numerical model
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strength, normal stiffness, and tangential stiffness, and could 
resist tension, bending, and shear. Therefore, the parallel 
bond model was adopted to make the particles reach equilib-
rium under the self-weight conditions. The boundary of PFC 
was mainly set on the left and lower sides, both of which 
were rigid walls. In the PFC particle flow software, the gen-
erated particles could not pass through the wall by default, 
which was consistent with the boundary conditions of the 
model test. A numerical simulation of No. 1 was carried out 
using  PFC2D, and the analysis results were shown in Fig. 24.

Figure 24 showed the formation process of the trailing 
edge fracture surfaces, the deformation characteristics of 
the slope obtained by numerical simulation, the evolution-
ary morphology of cracks, and the contact force chain. It 

could be seen from the apparent characteristics of the slope 
that the numerical simulation results were consistent with 
the model test results, indicating the effectiveness of the 
numerical simulation results. With the strength attenuation 
of each section of the sliding zone soil, the trailing edge 
cracks gradually formed in the landslide body, and the crack 
morphology was not single. There were arc, linear, folded 
lines, and other forms.

PFC2D could simulate the fracture development process 
of soil particles. The normal bond failure between particles 
would lead to tensile failure of the slope, and the shear bond 
failure would cause shear failure. In the “Cracks” diagram, 
“green” represented the cracks generated by the tensile fail-
ure, and “blue” represented the cracks generated by the shear 

Fig. 23  Strength envelopes

Fig. 24  The progressive forma-
tion process of the trailing edge 
fracture surfaces using  PFC2D
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failure. It could be seen that with the instability of each sliding 
zone, the main crack would be generated inside the landslide, 
accompanied by the generation of some secondary cracks. 
With the increasing deformation of the sliding mass, the sec-
ondary cracks also developed, which stimulated the crack 
expansion and instability deformation inside the sliding mass. 
In the contact force chain contour, with the decrease of shear 
strength of the sliding zone soils, the connections between 
particles were gradually destroyed, and the deformed slope 
slid and lost the contact force until the final instability.

Figure 25 shows the instability characteristics of the ret-
rogressive landslides. It can be seen that the sliding surface  
mainly occurs shear failure, accompanied by partial  
tensile failure, and the surface layer of the landslide body 
mainly undergoes tensile failure (Sun et al. 2023). With the  
deformation intensifies, the damage in the middle of the  
slope is still dominated by tensile failure, accompanied by  
shear failure, thus forming a tensile-shear mixed action zone.  
At this time, the normal bond and shear bond between  
particles are gradually destroyed until the whole landslide is  
unstable.

Conclusions

In this paper, the water-induced weakening retrogressive 
landslides were taken as the research objects, and the pro-
gressive failure process and formation mechanism of the 
trailing edge fracture surfaces were mainly analyzed by 
using the model test and numerical analysis method. The 
following conclusions were drawn:

1. There was a good correlation between the length of the 
unstable sliding zone and the deformation range of the 
slope. The longer the unstable sliding zone, the larger 
the deformation range of the slope body. An unstable 
sliding zone section corresponded to a single main 
crack, that was, when a certain sliding zone was unsta-
ble, only one main crack was observed on the slope cor-
responding to it.

2. The spatial forms of the trailing edge cracks inside the 
landslide body were mainly folded line, (inverted) arc, 
and linear type, and the fold-line cracks accounted for 
more than 1/2 of the total number. With the increase 
of slope thickness, the trailing edge cracks developed 
from “inverted arc” to “fold line” and finally presented 
a “straight line + half arc” type perpendicular to the 
slope. The increase of slope angles made the trailing 
edge cracks gradually transit from the “L” fold line 
perpendicular to the slope surface to the two fold lines, 
indicating that the slope failure gradually underwent 
translational failure and rotational failure until the two 
almost occurred simultaneously.

3. The inclination angles of the trailing edge fracture sur-
faces were mostly steep inclination angles of less than 
90°, accounting for about 83.72% of the total. The incli-
nation angles between 60° and 70° were about 6.98%, 
about 34.88% between 70° and 80°, and about 41.86% 
between 80 ° and 90 °. The inclination angles of the 
trailing edge fracture surfaces of the straight slope with 
equal thickness were parallel. The inclination angles of 
the trailing edge fracture surfaces increased with the 
increase of the slope thickness.

Fig. 25  Cracks development 
process
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4. The calculated values of the sliding tensile cracking 
mechanism were closest to the experimental values, 
and the relative errors were less than 10%. The com-
prehensive analysis shows that the tensile failure plays 
a leading role in the formation of trailing edge fracture 
surfaces. Usually, the surface layer of the landslide is 
mainly subjected to tensile failure. The middle and lower 
parts of the slope are combined with a shear failure to 
form a mixed effect of tensile and shear, and the bottom 
sliding surface is mainly subjected to shear failure.
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