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Analysis of deformation 
mechanism of rainfall‑induced 
landslide in the Three Gorges 
Reservoir Area: Piansongshu 
landslide
Hui Wang 1, Jianhua Zou 1*, Xinghua Wang 1, Peng Lv 2, Zefu Tan 1, Longfei Cheng 1, 
Qiang Wei 3, Binli Qin 1 & Zhengchao Guo 1

The Three Gorges Reservoir Area (TGRA) is characterized by unique geological features that increase 
its susceptibility to landslides. These slopes are especially prone to destabilization when influenced 
by external triggers like rainfall. This research focuses on the Piansongshu landslide within the TGRA, 
aiming at unraveling the complex internal deformation mechanisms of landslides triggered by rainfall 
and providing critical insights for their prevention and mitigation. The study begins with on-site 
geological surveys to meticulously examine the macroscopic signs and mechanisms of deformation. It 
then utilizes the GeoStudio numerical simulation software to assess the landslide’s stability, focusing 
on the changes in internal seepage fields and stability under various rainfall scenarios. Results indicate 
that continuous rainfall leads to the formation of a temporary saturation zone on the slope, which 
gradually deepens. In regions with more pronounced deformation, the infiltration line at the leading 
edge of accumulation notably protrudes towards the surface. Notably, the stability coefficient of the 
secondary shear surface of the landslide fluctuates more significantly than that of the primary sliding 
surface. Higher rainfall intensity and longer duration are positively correlated with a more pronounced 
decrease in stability coefficients. The impact on stability also varies across different rainfall patterns. 
As rainfall infiltrates over time, the slope’s safety factor gradually decreases. This reduction continues 
even post-rainfall, indicating a delayed restoration period before stability returns to a safe level. These 
results yield valuable data for forecasting and mitigating landslides.
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Landslide disasters, a prevalent issue not only in China but globally, account for a significant proportion of 
geological disasters1. In southwestern China, regions such as Chongqing, Sichuan, and Guizhou are particularly 
prone to landslide disasters2–4. The formation and evolution of landslides in the Three Gorges Reservoir Area 
(TGRA) are influenced by various dynamic and internal factors. Among these are regional geological back-
ground, reservoir water level fluctuations and rainfall5,6, as well as slope structure7, sliding surface morphology8, 
wading degree and permeability characteristics9. Reasonable evaluation of landslide stability is crucial for the 
prevention and control of geological disasters. This evaluation process begins with the establishment of a geo-
logical model based on thorough geological analysis10. The complex reality is then distilled into a solvable 
mathematical model, facilitating the derivation of stable results through calculations4. A field geological survey 
is a crucial prerequisite for landslide stability calculation, while numerical simulation serves as a crucial method 
for stability assessment. This requires a comprehensive analysis of the factors influencing landslides and their 
formation mechanisms, all within the geological context11.

Landslides are the outcome of a complex interplay of various factors, each deeply rooted in the geologi-
cal environment of the affected area. By combining on-site monitoring with extensive analysis, it’s possible to 
unravel the diverse elements and mechanisms contributing to landslides. Fluctuations in water levels are known 
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to negatively impact slope stability12. On a microscopic scale, clay minerals play a significant role in the develop-
ment of landslides. The shear strength parameters of the soil in the sliding zone, which are crucial in controlling 
the stability and evolution of landslides, are subject to some uncertainties and thus warrant thorough charac-
terization and consideration in stability analyses13. Moreover, precipitation is a critical factor driving landslide 
occurrences14. The key triggers for landslides are rainfall infiltration and the presence of weakly saturated zones 
at specific depths. Computed Tomography (CT) visualization technology was utilized to monitor and scan 
the failure process of the shear zone in real-time and to investigate the failure mechanism7. The stability of the 
landslide is evaluated by combining numerical models, and the accuracy of the modeling method is verified 
by field geological investigation15. The process replicates the landslide’s dynamic response to external forces 
and the movement and accumulation of rock masses16. A cost-effective and practical integrated early warning 
system has been developed for shallow landslides in a specific area17. The system takes into account the rainfall 
threshold and slope stability to accurately predict landslides. The stability of landslides under the coupling of 
multiple factors is studied by combining the late creep of the rock-soil mass18. Based on the GPS monitoring 
data of the landslide after water storage, the stability of the landslide is studied with the response of rainfall and 
reservoir water level19,20. To analyze the landslide in the context of the combined effects of water level fluctuations, 
rainfall-induced damage patterns, and deformation mechanisms, physical experiments were undertaken21. The 
relationship between critical hydrological state, rainfall intensity, and soil properties was established, and the 
variation of landslide damage surface depth was determined10.

As technology continues to progress, the utilization of data integration and analysis techniques has become 
increasingly popular in the field of landslide prediction and assessment22. This process involves merging applied 
mathematics with computational intelligence to classify or perform regression tasks on unknown data23. Machine 
learning methods help in landslide modeling and predicting the occurrence of landslides with robust data struc-
tures, and building algorithmic models without human intervention and prior assumptions24.

Using polygonal surfaces with higher reliability and accuracy to represent landslide boundaries and spatial 
shapes can significantly improve the accuracy of landslide hazard zone delineation25. Representing landslide 
boundaries as circles introduce errors in measurements and is less accurate than polygonal boundaries in most 
cases26.

Among the landslides that have occurred in the TGRA, accumulation landslides are both the most numerous 
and the highest proportion of occurrences. These landslides are prone to various degrees of deformation under 
the influence of external triggers such as fluctuations in water levels and rainfall. Destabilization occurs when the 
accumulated deformation reaches a critical threshold. Despite previous research efforts, there remains a need for 
further investigation into the deformation mechanisms of these layered landslides. Located in the hinterland of 
the TGRA, the Piansongshu landslide represents a typical example of a rainfall-triggered, stacked layer landslide 
in the region. Geological conditions primarily govern the deformation and destruction of this landslide, with 
rainfall serving as the principal trigger factor. Building upon geological analysis, this study employs a approach 
by integrating multi-field coupling evaluation of landslides with the transfer coefficient method. Through this 
methodology, the study delves into the internal deformation mechanisms and stability of landslides under vary-
ing rainfall conditions, thereby shedding light on the deformation mechanisms to rainfall-triggered landslides. 
This innovative study not only combines geological analysis with numerical simulation but also incorporates the 
transfer coefficient method, offering reference for the deformation mechanisms of rainfall-triggered landslides 
in the region.

Review of the Piansongshu landslide
Regional accumulation layer landslide distribution law
The pattern of regional accumulation landslides within the TGRA is predominantly dictated by the underly-
ing regional geology. Specifically, in the Wanzhou district, a notable concentration of landslide accumulations 
can be observed along the riverbanks (Fig. 1). The prevalent landslide hazards in this area are soil landslides, 
which often manifest in distinctive skip and tongue-shaped formations across the landscape. These formations 
are intricately linked to the geological backdrop of the Wanzhou district, marked by its terraced landforms that 
promote the concentrated emergence of these layered landslides. Moreover, the interplay of reservoir water level 
fluctuations and rainfall significantly influences the propensity for these landslides to develop. When analyzed 
in profile, most landslides in the Wanzhou district demonstrate stepped and linear geometries. Their sliding 
planes generally correspond to the interface between the overlying soil layer and the underlying bedrock, with 
these events typically unfolding on inclines that range from gentle slopes of 10° to steep escarpments of 40°. The 
hydrogeology within these landslides is complex, comprising predominantly of pore water, fissure water, and 
seepage water. The landslides’ planar shapes are sculpted by a mix of factors such as topography, the composi-
tion of geological strata, and the external forces exerted upon the slopes. The spatial distribution of landslides 
further delineates the edge constraints of these geological phenomena and the structural characteristics of the 
affected slopes. Among the catalysts for landslide calamities in the Wanzhou district, torrential rainfall stands as 
the foremost trigger, with seismic activities and anthropogenic interventions also contributing to their incidence.

Landslide profile
The Piansongshu landslide is located in the slope region of Dabei Village, Gaoliang Town, Wanzhou District 
(Fig. 2). The landslide has a tongue-shaped plane form with a longitudinal length of 470 m and a transverse 
width of approximately 150–190 m. The distribution area covers around 7.57 × 104 m2, with an average thickness 
of 13 m and a volume of approximately 98.4 × 104 m3. The main slide direction of the landslide is around 156°, 
and it is classified as a medium-sized soil landslide. Based on the revealed morphology of the slip surface from 
drilling, the landslide exhibits a concave-shaped sliding surface, characterized by a steeper back and a gentler 
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Figure 1.   Distribution of Landslide Disasters Across Townships in Wanzhou District.
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front. From the three longitudinal sections of the landslide (Fig. 3), the overall average slope of the landslide is 
approximately 25°, with the middle and rear parts averaging around 30°, while the average slope angle of the 
front part is approximately 15°. The section shape of the landslide shows stepped features with both steep and 
gentle slopes, as well as staggered platforms.

The Piansongshu landslide mainly slides along the contact surface of soil and bedrock. According to the drill-
ing reveal, the surface of the landslip bed changes from steep to slow from back to front and has a concave form 
in the profile. The landslide is predominantly composed of gravel soil and block gravel soil, with gray-black chert 
and yellow–brown sandstone as the main types of limestone present. Silty clay is interlayered between the gravel 
and block materials. Drilling investigations indicate that the landslide is characterized as a soil slide occurring 
along the rock-soil contact surface, with sliding primarily taking place along soil cracks at the trailing edge. The 
sliding zone is mainly distributed at a certain thickness above the bedrock surface. The soil within the slide zone 
consists of silty clay containing gravel, with the gravel predominantly composed of limestone and sandstone. 
Internally, the soil within the slide zone exhibits wrinkle-like features. The slide bed is composed of bedrock, 
mainly limestone of the Middle Triassic Badong Formation (T2b), interspersed with dolomitic marl, purple-red 
mudstone, and similarly colored yellow–brown sandstone.

Figure 3.   Longitudinal profile of the Piansongshu landslide.
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Macroscopic deformation characteristics of landslide
Based on field geological investigations, the secondary shear zones of landslides (Fig. 4) are mainly characterized 
by the separation and pulling back of the trailing edge, the appearance of additional cracks in nearby buildings, 
and increased deformation of pre-existing cracks. In the middle of the landslide, the front yard dam bulged and 
cracked, and the gutter extrusion gradually increased. The soil at the back edge of the landslide showed ten-
sion cracks, and the deformation of the cracks at the back edge appeared to be deflected (with the widest crack 
measuring 50 cm and a deflection distance of 120 cm) with the frequent occurrence of heavy rainfall, leading to 
intensified deformation for a short period and expanded range, which is influenced by the rainfall.

The lower part of the landslide area (Fig. 5) mainly exhibits Dam bulging uplift of the front edge yard dam 
and cracking of the building. Field geological investigation reveals a significant increase in the deformation of 
initially minor cracks since the onset of the flood season. The cracks are mainly attributed to the effects of heavy 
rainfall, which reduces slope stability. Additionally, the steep slope generates gravitational forces that induce 
downward soil movement and deformation, leading to crack formation. The observed cracks have the potential 
to expand and intensify, indicating ongoing deformation of the landslide.

Variation of landslide monitoring curve
The variation in landslide monitoring curves reflects the relationship between rainfall and displacement. Ana-
lyzing GNSS monitoring data from a section of the pine tree landslide, coupled with an assessment of regional 
rainfall patterns, reveals distinct behaviors during periods of concentrated and sparse rainfall (Fig. 6). The list of 
the monitoring data is given in Supplementary data. During concentrated rainfall, characterized by high intensity 
and a cumulative rainfall of 1055 mm, which constitutes a significant portion of the annual rainfall, the average 
daily rainfall is 43 mm, peaking at 102 mm in a single day. In contrast, sparse rainfall periods register lower 
intensities, with a cumulative rainfall of 80.4 mm. In the concentrated rainfall period, cumulative displacements at 
JC01, JC02, and JC03 reached 5186.84 mm, 1566.58 mm, and 1258.64 mm, respectively. Notably, JC01 exhibited 
greater cumulative horizontal displacements compared to JC02 and JC03. The slopes of the displacement–time 
curves displayed clear increases during this period, indicating significant deformation primarily influenced 
by the self-weight of the slope body. As rainfall diminishes, the slope’s deformation rate decreases accordingly.

For the middle soil landslide, deformation is predominantly influenced by cumulative rainfall, with short-term 
heavy rainfall having a less pronounced effect on slope deformation, as evidenced by displacement–time curves. 
There exists a close correlation between deformation rate and rainfall in the study area. Monitoring points JC01, 
JC02, and JC03 exhibit average displacement and deformation rates of approximately 4.1 mm/day, 3.8 mm/day, 

Figure 4.   Deformation signs of the upper landslide area. (a) Cracks in the trailing edge of the landslide; (b) 
Lateral cracks in the middle and rear houses of landslide; (c) The right ditch crack in the middle of the landslide; 
(d) Gully swelling in the middle of landslide.
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and 3.5 mm/day, respectively. Deformation rates peak during concentrated rainfall periods and remain lower 
during sparse rainfall periods.

The cyclic nature of displacement growth rates in rainfall-type landslides aligns with the rainy season, with 
no continuous increase over time. During sparse rainfall stages, displacement growth rates are minimal or non-
existent, fluctuating as rainfall increases, and escalating significantly during periods of sudden rainfall influx. 
Heavy rainfall emerges as a crucial trigger for biased pine landslide deformation, underscoring the importance 
of enhanced slope body monitoring during the rainy season.

Figure 5.   Deformation signs of the lower landslide area. (a) The ground on the left side of the front edge of the 
landslide uplifts; (b) Transverse cracks in the left house in the middle of the landslide; (c) Longitudinal cracks in 
the front house of the landslide; (d) Longitudinal cracks in the front house of the landslide.

0

1000

2000

3000

4000

5000

6000

7000

20
21
/1
2/
8

20
22
/1
/8

20
22
/2
/8

20
22
/3
/8

20
22
/4
/8

20
22
/5
/8

20
22
/6
/8

20
22
/7
/8

20
22
/8
/8

20
22
/9
/8

20
22
/1
0
/8

20
22
/1
1/
8

20
22
/1
2/
8

0

2

4

6

8

10

12

14

Cu
m

ul
at

iv
e 

ho
riz

on
ta

l d
isp

la
ce

m
en

t(m
m

)

JC01 JC02 JC03

0
50
100
150
200
250
300
350
400
450
500

Ra
in

fa
ll(

m
m

)

D
ef

or
m

at
io

n 
ra

te
 (m

m
/d

)

Time

JC01 JC02 JC03

Figure 6.   Cumulative surface horizontal displacement monitoring curves of the Piansongshu landslide.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10005  | https://doi.org/10.1038/s41598-024-60590-w

www.nature.com/scientificreports/

Methods
The transfer coefficient method
(1) Stability coefficient calculation formula

where Ri is the anti-sliding, Di is the flow pressure, Qi is the seismic force, ψi is the coefficient of transmission 
(j = i), Wi is the deadweight standard value, ci is the cohesion standard value, φi is the standard value of internal 
friction angle, D is the flow pressure, α is the inclination angle of slip surface, β is the average dip angle of the 
groundwater flow line.

(2) Calculation formula of the residual sliding force of the landslide

where Ti is the anti-sliding force, Pi Pi-1 is the residual downward slippery force, and Fst is the safety factor of the 
residual sliding force of the slider.

The basic theory of rainfall infiltration
To gain a comprehensive understanding of the geological context in the study area, a field geological investiga-
tion of the landslide was conducted. Furthermore, the mechanism of rainfall-induced landslide deformation 
was examined using the GeoStudio software. Specifically, the SEEP/W software from the GeoStudio suite was 
employed to simulate and analyze the infiltration line, which represents variations in groundwater levels. Numeri-
cal simulation techniques were employed to determine the changes in pore water pressure within the slope by 
analyzing the infiltration line. The analysis utilized the seepage equation implemented in the SEEP/W module27.

where h is the total head, kx is the permeability coefficient in the x-direction, ky is the permeability coefficient 
in the y-direction, q is the boundary recharge rate, Q is the water storage per unit volume, and t is the time.

When compared to the prediction accuracy for fine-textured soils, the prediction performance is favorable 
for coarse-grained soils, such as sand and sandy clay loam. Van-Genuchten (VG) introduced a mathematical 
model for fitting the soil–water characteristic curve. The model can be expressed as follows28:

The parameter relationships among a, n, and m significantly impact the prediction effectiveness of the VG 
model. The inclusion of the maximum matrix suction point is dependent on the dispersion and interval range 
of a, m, and n. The VG model aims to select parameter relationships that optimize the curve fitting degree, 
enhancing the accuracy of predictions.

Numerical simulation
To analyze the strong deformation observed in the 2–2′ section, a two-dimensional model was created using 
the finite element software GeoStudio. The model employed an Elastic–Plastic constitutive model and the 
Mohr–Coulomb strength criterion. The model consisted of three layers: an upper layer of landslide accumula-
tion soil, a lower layer of slip zone soil, and an impermeable bedrock at the bottom (Fig. 7). The grid division 
pattern was chosen as quadrilateral and triangle, with 1984 nodes and 1847 cells.

To study the seepage field changes within the slope, three monitoring points were placed at different loca-
tions. During rainfall infiltration, the change of pore water pressure below the waterline was not significant. 
Therefore, three monitoring points were placed strategically above the waterline and near the surface of the 
slope to capture the impact of rainfall on the soil closer to the surface. The study aimed to explore the changes in 
pore water pressure and stability coefficient under different rainfall intensities, rainfall patterns, and long-term 
continuous rainfall conditions.
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Based on the geotechnical physics and mechanics experiments and test data of similar landslides, the physical 
and mechanical parameters of each soil layer of the Piansongshu landslide were obtained (Table 1). The initial 
groundwater level was established from borehole data, determining the depth of the water table. In setting the 
parameters for the landslide simulation, the surface of the landslide was treated as a flow boundary, calibrated 
to the scenario where the rainfall intensity does not exceed the topsoil’s permeability. This intensity was gauged 
using a 24-h maximum precipitation metric and historical rainfall records from the region, thereby incorporating 
the frequency and intensity of rainfall into the model. The landslide-prone area is frequently subjected to intense 
rainfall, with the maximum recorded daily rainfall reaching 243.3 mm. Consequently, the analysis constructed 
four distinct scenarios based on rainfall intensities: moderate rainfall at 45 mm/d, heavy rainfall at 90 mm/d, 
severe rainfall at 150 mm/d, and extreme rainfall at 243 mm/d.

The soil water characteristic curve was approximated using the Van Genuchten (VG) prediction model within 
the SEEP/W module, enabling the determination of the hydraulic conductivity function. The underlying bedrock 
was modeled as an impermeable boundary due to its significantly lower permeability coefficient when compared 
to the upper soil’s saturated permeability coefficient.

Results and discussion
Stability calculation of transfer coefficient method
Among the three longitudinal profiles of the landslide, the stability coefficients indicate that the secondary shear 
along the 2–2′ profile, as well as the overall landslide calculation, are relatively lower compared to those along 
the 1–1′ and 3–3′ profiles. Consequently, the stability of the landslide is weaker in the middle section compared 
to the two sides (Table 2). These findings align closely with field investigations of landslide deformation and 
stability signs. The stability assessment reveals consistent results with the observed signs of landslide deforma-
tion in the field. The stability of potential secondary shear surfaces across the three profiles exhibits significant 
fluctuations. Under working condition 2, these surfaces fluctuate between unstable and marginally stable states. 
However, under working condition 1, the entire landslide is deemed stable. Specifically, the 2–2′ and 3–3′ profiles 
demonstrate basic stability under working condition 2, whereas the 1–1′ profile remains in a stable condition.

Variation of the seepage field
With an increasing intensity of rainfall, the water pressure on the slope exhibits a continuous rise, indicating a 
transition from unsaturated to saturated conditions (Fig. 8). At monitoring point, A, the pore water pressure 
undergoes a rapid increase during the initial six days of rainfall. The rate of change in pore water pressure intensi-
fies with the increasing intensity of rainfall. Under intense rainfall conditions with an intensity of 243 mm/d, the 
volumetric moisture content rises from 0.16 to 0.42 (Fig. 9). The rate of change in volumetric moisture content 
in the upper part of the slope exhibits significant variation as rainfall intensity increases. Relative to the initial 
state, the volumetric moisture content of the slope continues to escalate. As the rainfall intensity increases, the 
volumetric moisture content that saturates the slope also increases, resulting in a shorter time for the slope 
to reach saturation. The fluctuation of water pressure intensifies as the intensity of rainfall increases. During 
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Table 1.   Physical and mechanical parameters of the Piansongshu landslide soil. The strength parameters 
of the sliding and the sliding zone are the results under saturated conditions, and the remaining mechanical 
parameters are the average value of the sample.

Soil type Cohesion (kPa) Internal friction angle (°)
Permeability coefficient 
(m/d) Moisture content by volume Elastic modulus (MPa) Poisson ratio

Sliding-body 11.5 16.4 0.5 0.51 24 0.334

Sliding zone soil 14.6 13.3 1.00E–05 0.49 22 0.3

Sliding bed (bedrock) 0.22 35.01 – 0.05 2000 0.33
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periods of heavy rainfall, the time required for water pressure to rise and stabilize decreases. Additionally, the 
matrix suction of the slope diminishes, and localized shallow saturation zones may emerge. In contrast to the 
upper monitoring points, the rate of change of volumetric water content at central monitoring point B exhibits 
a decrease. Moreover, the rate of change of volumetric water content diminishes further after the rainfall has 
persisted for 30 days in comparison to the previous stages of rainfall.

The volumetric moisture content of the lower part of the slope is generally higher than that of the upper part. 
Consequently, rainwater accumulates at the base of the slope, leading to a relatively rapid saturation of the slope. 
At monitoring point C, the volumetric moisture content of the slope increases from 0.17 to 0.46 after a 30-day 
period with a rainfall intensity of 45 mm/d. As the rainfall intensity increases to 90 mm/d, the volumetric water 
content inside the slope continues to rise, reaching a value of 0.48 from an initial value of 0.17. Under a rainfall 
intensity of 150 mm/d, the water pressure increases from 0.17 to 0.50. Furthermore, under the condition of heavy 
rainfall with an intensity of 243 mm/d, the water pressure rises from 0.17 to 0.52.

In general, the upper monitoring point A demonstrates the most pronounced fluctuations in water pres-
sure. With the increasing intensity of rainfall, the instantaneous rainfall intensity also gradually rises, leading 
to a higher rate of change in pore water pressure during the early stages of rainfall. During the initial phase of 
rainfall, the pore water pressure in the upper section of the slope exhibits a more rapid increase compared to 
the lower section. However, during the later stage of rainfall, the shallow soil in the slope, being closer to satura-
tion, experiences limited infiltration capacity, resulting in the cessation of pore water pressure increase in the 
shallow soil region.

As rainfall intensity escalates, so does the rate of volumetric moisture content change, leading to more marked 
deformation in the landscape. With consistent rainfall duration, the internal slope’s volume water content rises 
more swiftly with higher rainfall intensities. Nonetheless, this effect is confined to the uppermost layers of the 
soil, a few meters down, and becomes significant only during prolonged rainfall events. With equal duration of 
rainfall, higher intensities lead to increased cumulative precipitation and deeper infiltration. Once the cumula-
tive rainfall surpasses a threshold, the probability of landslide occurrence spikes, particularly under conditions 
of intense rainfall.

Change of saturation line
As rainfall intensity increases, the substrate suction decreases, and the infiltration line steadily rises. This process 
results in the expansion of the slope saturation zone, as indicated by the increasing infiltration line and the extent 
of the saturation zone over time (Fig. 10). Throughout the 30-day rainfall period, the infiltration line consist-
ently moved upwards. After the rainfall, the infiltration line near the foot of the slope reached the crest of the 
slope. However, due to the elongated nature of the slope, the infiltration line at deeper locations within the slope 
remained at a lower elevation. Consequently, after the rainfall event, two distinct infiltration lines were observed 
within the slope, with one positioned near the surface and the other located at a greater depth within the slope.

Under intense rainfall conditions, the near-surface soil of the slope experiences temporary saturation, result-
ing in variations in pore water pressure that propagate from the surface towards the interior of the slope. Initially, 
there is an increase in pore water pressure, followed by a gradual decrease over time.

Stability evaluation
As the duration of rainfall increases, the magnitude of the decrease in the stability coefficient becomes more pro-
nounced. The infiltration of rainwater into the slope results in an increase in soil moisture content, an expansion 
of the saturation range, a reduction in matrix suction and shear strength, and a decrease in the stability coefficient 
of the slope, especially with higher rainfall intensities. This phenomenon leads to a general reduction in the sta-
bility of the slope, as depicted in Fig. 11. When comparing the stability coefficients of the overall sliding surface 
and the secondary shear surface of the landslide, it is observed that the stability coefficient of the secondary shear 

Table 2.   Landslide stability coefficient calculation results. Condition 1 (natural condition), Condition 2 
(rainstorm conditions).

Section Condition safety factor stability factor steady state

1–1′

The secondary shear surface
Condition 1 1.1 1.126 Basically stable

Condition 2 1.1 1.029 Not stable

The primary sliding surface
Condition 1 1.16 1.275 Stability

Condition 2 1.16 1.151 Stability

2–2′

The secondary shear surface
Condition 1 1.1 1.11 Basically stable

Condition 2 1.1 1.015 Not stable

The primary sliding surface
Condition 1 1.16 1.236 Stability

Condition 2 1.16 1.146 Basically stable

3–3′

The secondary shear surface
Condition 1 1.1 1.097 Basically stable

Condition 2 1.1 1.025 Not stable

The primary sliding surface
Condition 1 1.16 1.252 Stability

Condition 2 1.16 1.144 Basically stable
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surface experiences more pronounced changes than that of the overall sliding surface, as illustrated in Fig. 12. 
Moreover, the stability coefficient exhibits a greater decrease with longer durations of rainfall.

The safety coefficient of slope stability is influenced by different types of rainfall, even under the same total 
rainfall conditions, as depicted in Fig. 11. Generally, as rainfall infiltrates into the slope, the safety coefficient 
gradually decreases. Among the different types of rainfall, decreasing type rainfall exhibits the greatest decrease 
in the stability coefficient, followed by increasing type rainfall and centralized type rainfall. Average rainfall causes 
a slightly smaller decrease in the stability coefficient. The stability coefficient experiences the most significant 
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decrease during the early period of decreasing rainfall, while the center rainfall shows the most pronounced 
decrease during the middle period of rainfall. The rate of incremental rainfall increase reaches its maximum 
during the late rainfall period. The longer the rainfall duration, the greater the decrease in the stability coefficient, 
and the longer the time required for the stability coefficient to return to a stable state after the rainfall stops. As 
the rainwater dissipates and the water content in the soil volume decreases, the matrix suction increases, leading 
to an increase in the stability coefficient of the slope until it reaches a stable state.

For the overall sliding surface of the landslide, the slope’s stability coefficient consistently decreases as the 
rainfall intensity increases. The rate of decrease is more pronounced during the early stage of rainfall (0 days-3 
days), becomes slower during the middle stage (3 days–15 days), and then accelerates again after 15 days of 
rainfall. In the final stage of rainfall, the slope is on the verge of destruction, and the stability coefficient decreases 
significantly faster under a rainfall intensity of 243 mm/d compared to lower intensities (Fig. 13).

During the initial stage of rainfall, the soil exhibits lower water content. As rainwater infiltrates into the soil, 
the moisture content within the slope rapidly increases, leading to a decrease in matrix suction and subsequent 
reduction in shear strength. This causes the stability coefficient to decrease at a higher rate. Once the water 
content in the upper part of the slope reaches a certain threshold, it cannot accommodate further infiltration of 
a large amount of rainfall. Consequently, the permeability coefficient of the surface soil of the slope decreases, 
causing rainfall to converge and form surface runoff that drains away. At this point, the safety coefficient of the 
slope no longer experiences a significant decrease.

Deformation mechanism
Under the rainfall, rainwater infiltrates along the slope surface, so that the permeability within the slide gradu-
ally spreads outward, while the buoyancy support of the landslide becomes smaller, thus affecting the stability 
of the landslide. The influence of rainfall infiltration on the seepage field is mainly concentrated in the surface 
layer of the slope, with the increase of rainfall holding time, the surface layer of the slope soil from unsaturated 
to saturated, the surface layer of the slope forms a transient saturated zone, the rainwater is constantly infiltrated 
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by the surface layer of the soil to the soil deeper, the longer the duration of rainfall, the larger the rainfall infil-
tration, the smaller the unsaturated zone in the soil. With the enhancement of rainfall, the displacement of the 
landslide surface becomes larger and larger in extent. When the intensity of rainfall increases, the decreasing 
trend of the coefficient of safety also increases, and the pore water pressure and matrix suction of the landslide 
are much lower, resulting in a decrease in the shear strength of the geotechnical soil, which in turn results in a 
rapid decrease in the coefficient of stability.
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Conclusions
The spatial distribution pattern of landslides in Wanzhou District exhibits a strong correlation with geological 
formations, topography, and water distribution. The predominant type of landslides in the region is accumula-
tion landslides.

The Piansongshu landslide was developed in the Middle Triassic Badong Formation, a slide-prone stratum, 
and rainfall is the main inducing factor for landslide deformation. The determination of the landslide boundary 
is mainly based on the deformation. The trailing edge of the landslide is mainly bounded by the actual existing 
fractures, with secondary shear zones in the middle of the landslide. According to the field geological survey 
results, the landslide deformation is strong in the middle and gradually weakening on both sides, and the stability 
calculation results are consistent with the signs of landslide deformation in the field survey.

As rainfall persists, rainwater infiltrates from the surface layer of the slope to deeper regions. The duration 
of rainfall directly impacts the extent of rainwater infiltration, with longer durations resulting in greater infiltra-
tion. Consequently, the soil on the slope surface transitions from an unsaturated to a saturated state, leading to 
a reduction in the unsaturated area within the slope. At the front edge of the mound, the saturation line assumes 
a linear form due to higher permeability and shorter seepage paths, extending towards the surface in regions 
experiencing greater deformation. Over time, as rainfall intensity diminishes during the non-rainy season, the 
saturation line recedes.

The stability coefficient of the secondary shear surface of the landslide exhibits greater variability compared 
to the overall sliding surface. As the duration of rainfall increases, the stability coefficient experiences a more 
significant decrease. In general, the slope safety coefficient gradually decreases over time under different rainfall 
conditions, attributable to the infiltration of rainfall. Even after the rain ceases, the stability coefficient continues 
to decrease. However, over time since the rain stopped, the slope stability coefficient gradually increases until 
it reaches a stable state.

Data availability
The datasets generated and analyzed during the current study are not publicly available due to the funding 
responsibility but are available from the corresponding author on reasonable request.
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