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Abstract: Under rapid global climate change, the risk of ancient landslide reactivation induced by
rainfall infiltration is increasing significantly. The contribution of cracks to the reactivation of ancient
landslides, as an evolutionary product, is a topic that deserves attention; however, current research
on this issue remains insufficient. In this study, taking the Woda landslide in the upper Jinsha River
as a case study, we investigated the reactivation mechanisms of ancient landslides with and without
cracks under rainfall based on model tests. The study showed that cracks influence the reactivation
range and depth of ancient landslide. In cases where no cracks develop on ancient landslides, rainfall
can only cause shallow sliding with failure concentrated at its front edge. Conversely, when cracks
develop on ancient landslides, rainwater can quickly infiltrate into the sliding zone along the cracks
and induce overall reactivation of the ancient landslide. Furthermore, the reactivation mechanism of
ancient landslides without cracks is that the failure of ancient landslide foot results in progressive
failure at the front of the ancient landslide. When cracks have developed at ancient landslides,
the reactivation mechanism of which involves mid-rear ancient landslide creeping, tensile cracks
develop on the mid-rear ancient landslide, with localized sliding at the front edge, tensile cracks
extending, local sliding range extending, accelerated creeping, and progressive failure of the mid-rear
ancient landslide. These findings shed light on how cracks influence rainfall-induced mechanisms of
ancient landslide reactivation and hold great significance for advancing our understanding regarding
these mechanisms.

Keywords: ancient landslide; reactivation mechanism; rainfall; crack; model test

1. Introduction

The technical term “paleo-landslide” typically refers to landslides that have been
formed for a relatively long time, the classification of which has been subject to varying
perspectives [1–5]. In engineering geological practice, considerable attention is given to
the present stability status of ancient landslides. With the increasing intensity of human
activities and the frequent occurrence of extreme conditions such as strong earthquakes
and heavy rainfall, the risk of ancient landslide reactivation has sharply risen, severely
constraining human engineering programming and construction and causing significant
losses to the lives and properties of local people [6–9]. For example, in 2014, under the
combined actions of excavation at the foot of the landslide, Thompson River erosion, and
heavy rainfall near the ancient landslide group in the Thompson River valley, Canada’s
national railway (CN and CP) reactivated, severely affecting the operational safety of the
railway [10]. In 2016, extreme rainfall caused multiple ancient landslides to reactivate in the
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upstream area of the Tanarello River, Italy, resulting in the destruction of buildings and high-
ways [9]. In July 2018, continuous heavy rainfall induced the reactivation of the Jiangdingya
ancient landslide in Zhouqu County, Gansu Province, China, blocking the Bailong River,
submerging upstream hydropower stations, and damaging the S313 highway [8].

The problem of ancient landslide reactivation has been extensively studied by many
scholars, both domestically and internationally. The main influencing factors include active
faults and earthquakes, mechanical properties of weak interlayers within the accumu-
lation body, changes in reservoir water levels, heavy rainfall, river erosion, and human
engineering activity, etc. [11–16]. Among them, the relationship between ancient land-
slide reactivation and rainfall has attracted widespread attention. Most scholars have
a significant opinion that there is a rainfall threshold for ancient landslide deformation
instability, and usually infer the possibility of ancient landslide instability according to
rainfall intensity [17–19]. Furthermore, they also point out that the rainfall thresholds in
different regions and different types of landslides show significant differences [17–19]. For
example, Gil and Długosz (2006) collected and analyzed meteorological data and ancient
landslide data in the Flysch Carpathians area. The results indicated that there are significant
differences in the rainfall thresholds for different types of ancient landslide reactivation,
with lower rainfall thresholds for muddy ancient landslides compared to sandy ancient
landslides [17]. In addition, some scholars have pointed out that various changes in the
ancient landslide accumulation body caused by rainfall infiltration are also important fac-
tors in ancient landslide reactivation, such as increases in bulk density of ancient landslide
rock–soil mass, the softening of the landslides’ mechanical properties, and the increase in
pore water pressure and groundwater levels [20–28]. For example, Borja and White (2010),
based on theoretical and numerical analyses, revealed the trend of landslide accumulation
deformation and failure under hydrological driving. They pointed out that rainfall leads
to an increase in the saturation degree of the slope rock–soil mass, reducing its cohesive
strength and weakening the frictional resistance of the sliding zone [22].

Although the connection between ancient landslide reactivation and rainfall has been
extensively explained, little attention has been paid to the influence of the interaction
between rainfall and cracks on ancient landslide reactivation. The cracks play a significant
indicative role in the reactivation deformation trend and instability range of the next stage of
ancient landslides. Existing studies have shown that, under rainfall conditions, the deforma-
tion and instability of ancient landslides have typical stress–permeability–damage coupling
characteristics [29–31]. When no cracks have developed on an ancient landslide, the influ-
ence of rainfall on the ancient landslide is limited in depth and range [32–34]. However,
when cracks have developed on the ancient landslide, rainfall has a significant controlling
effect on the ancient landslide’s reactivation [33,35,36]. Macroscopic deformations such as
cracks are products of the evolutionary process of ancient landslide reactivation, and serve
as important preferential pathways for rainwater infiltration. The coupling effect of rainfall
and cracks makes significant contributions to the further deformation and instability of
ancient landslides.

Currently, effective methods for evaluating landslide stability and studying the mech-
anisms of landslide instability include engineering geological analysis, physical modeling,
and numerical simulation. The model tests of landslide are based on the similarity theory
and consider the influence of internal and external factors on landslide stability, which can
allow us to monitor the parameter variation of the model [37–39]. The model test has the
characteristics of high efficiency, accuracy, and cost-effectiveness, and is widely used in the
study of landslides’ instability mechanisms, deformation, and movement processes [40–45].

In this study, the Woda landslide, located in the upper Jinsha River in the eastern
edge of the Qinghai–Tibet Plateau, is taken as a case study. Through landslide model
tests, the deformation and failure patterns of the model slope, with and without cracks,
under rainfall are studied, and the influence of cracks on the reactivation mechanism of
an ancient landslide is revealed. The research results contribute to our understanding of
the contribution of cracks to the reactivation mechanism of ancient landslides induced by
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rainfall, as well as to predicting the deformation and failure patterns of ancient landslides.
The results also provide theoretical references for local geological disaster prevention and
mitigation efforts.

2. Landslide Prototype

The Woda landslide is located at Woda Village, Yanbi Township, Jiangda County,
Qamdo City, Tibet, China. It is situated on the right bank of the upper Jinsha River on the
southeastern edge of the Qinghai–Tibet Plateau (Figure 1). The overall landform of the
Woda landslide resembles a chair shape, with mountain ridges forming the boundaries on
both sides (Figures 1 and 2). The main sliding direction is 30◦, with a longitudinal length of
about 2100 m and a transverse width of about 1660 m. The total area of the Woda landslide
is estimated to be around 2.64 × 106 m2, and the maximum height difference between
the sliding outlet and the front edge of the Jinsha River is up to 247 m (Figure 3). The
accumulation area of the Woda landslide has an area of about 1.32 × 106 m2. The Woda
landslide has two sliding zones, with burial depths of 15 m and 25.5 m, respectively [46].
Based on this information, it is estimated that the volume of the Woda landslide deposit is
approximately 28.81 × 106 m3, making it an extremely large, high-level landslide [46,47].
According to field investigations, the underlying bedrock of the Woda landslide is mainly
composed of shale and carbonaceous shale, with strike angles ranging from 280◦ to 310◦

and dip angles of 25◦ to 30◦. The main components of the accumulation are gravelly soil
and residual slope material. The gravel content ranges from 30% to 45%, with particle sizes
ranging from 20 cm to 50 cm, showing angular shapes and poor roundness. In the sliding
outlet of the front edge of the Woda landslide, a sliding zone soil composed of gravelly clay
was found. It had a thickness of about 50~75 cm, appeared grayish-green, and exhibited
a soft-plastic to flowing-plastic state. The gravel content was approximately 13% to 25%,
with particle sizes ranging from 2 mm to 20 mm, showing distinct angular shapes and
relatively poor roundness.

Our field investigation found that the accumulation area of the Woda landslide is
currently in a stage of overall reactivation, and its deformation can be divided into two
distinct zones: Zone I, with intense deformation, and Zone II, with weak deformation.
Zone I exhibits several localized sliding areas, down scarps, and tensile cracks (Figure 2).
The localized sliding areas are located at the front edge of the Woda landslide and the rear
part of the accumulation area. The tensile cracks and downs scarps are concentrated in the
front part of the accumulation area, indicating the direction of reactivation deformation of
the Woda landslide. The down scarps have a vertical displacement ranging from 30 cm to
120 cm and lengths ranging from 30 m to 230 m. The tensile cracks have lengths ranging
from 20 m to 130 m, widths ranging from 10 cm to 30 cm, and depths ranging from 50 cm
to 300 cm. Most of the down scarps and tension cracks are arranged in a circular arc,
and the strike is roughly perpendicular to the main sliding direction of the landslide
or at a large oblique angle. Zone II shows less pronounced deformation characteristics,
with the development of four down scarps and one localized sliding area. Considering
the deformation characteristics of the Woda landslide accumulation and the topographic
features, the probability of overall sliding occurrence is much higher in Zone I than in Zone
II. Because the sliding surface of the localized sliding area at the front edge of Zone I is
located near the deep sliding zone, the upper accumulation area has a steep free surface.
Based on this, it can be inferred that Zone I may experience destabilization and failure
along the deep sliding zone, with an estimated volume of instability of approximately
17.83 × 106 m3.
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Figure 1. Geological setting of the Woda landslide (Modified according to Wu et al. 2023 [47]). (a) 
Tectonic and lithology map, (b) The Woda landslide location, (c) The Woda landslide panorama, (d) 
Local slide zone, (e) Tensile crack, (f) Leading edge shear outlet. 1—Schist, slate, shale in the Upper 
Triassic Lanashan Formation; 2—Crystal-line limestone, sandstone in the Upper Triassic Tumugou 
Formation; 3—Crystalline limestone in the Upper Triassic Qugasi Formation; 4—Monzonitic gran-
ites in the Upper Triassic; 5—diorite in the Upper Triassic; 6—dolerites in the Upper Triassic; 7—
ultrabasic rocks in the Upper Triassic; 8—The sericite–quartz schist and the two-mica schist of the 
Gangtuoite Group in the Lower Permian-Triassic; 9—Basalt Blocks in the Permian; 10—Carbonate 
blocks in the Silurian; 11—Diorite dike; 12—Strata boundary; 13—Thrust fault; 14—Occurrence; 
15—Hornfelsic zone; 16—The Woda landslide. 

Figure 1. Geological setting of the Woda landslide (Modified according to Wu et al., 2023 [47]).
(a) Tectonic and lithology map, (b) The Woda landslide location, (c) The Woda landslide panorama,
(d) Local slide zone, (e) Tensile crack, (f) Leading edge shear outlet. 1—Schist, slate, shale in the Upper
Triassic Lanashan Formation; 2—Crystal-line limestone, sandstone in the Upper Triassic Tumugou
Formation; 3—Crystalline limestone in the Upper Triassic Qugasi Formation; 4—Monzonitic granites
in the Upper Triassic; 5—diorite in the Upper Triassic; 6—dolerites in the Upper Triassic; 7—ultrabasic
rocks in the Upper Triassic; 8—The sericite–quartz schist and the two-mica schist of the Gangtuoite
Group in the Lower Permian-Triassic; 9—Basalt Blocks in the Permian; 10—Carbonate blocks in the
Silurian; 11—Diorite dike; 12—Strata boundary; 13—Thrust fault; 14—Occurrence; 15—Hornfelsic
zone; 16—The Woda landslide.

Wu et al. (2023) conducted a study indicating that the reactivation deformation rate
of the Woda landslide is primarily controlled by the influence of seasonal rainfall [47].
Under the combined effects of rainfall infiltration and gravity, the slope deforms towards
the downslope direction, resulting in the formation of down scarps and tensile cracks.
These down scarps and tensile cracks serve as preferred infiltration pathways for rainfall,
providing favorable conditions for the subsequent stage of deformation instability of the
Woda landslide.
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3. Materials and Methods
3.1. Model Test Equipment

The model test was conducted in the Landslide Physical Model Laboratory of the
Institute of Geomechanics, Chinese Academy of Geological Sciences. The main equipment
of the landslide model test included a model box, rainfall simulation system, internal
monitoring system, and slope surface monitoring system (Table 1 and Figure 4). With
this comprehensive experimental setup, it was possible to monitor the real-time macro
deformation and failure process of the physical model’s slope surface, as well as pore water
pressure and soil pressure inside the model slope under continuous rainfall conditions.
The monitoring instruments and their key technical parameters used in this model test are
shown in Table 1.

Water 2024, 16, x FOR PEER REVIEW 7 of 25 
 

 

Model surface 
monitoring 

system 

Camera 
SONY-

ILCE-6000 3 
Sensor: Exmor APS-HD-CMOS; APS frame: 23.5 × 15.6 
mm; maximum resolution: 6000 × 4000; optical zoom: 

1–16 times 
Wire displacement 

meter MPS-S 3 Range: 50–2000 mm; accuracy: 1 mm; tensile force: <600 
g 

 
Figure 4. Equipment and instrument layout for the Woda landslide model test: (a) Model test area 
of the Woda landslide; (b) Three-dimensional view of the experimental model design effect; (c) Side 
view of the experimental model design effect; (d) Top view of the experimental model design effect. 

3.2. Similar Materials 
According to the similarity theory, the intense deformation Zone I of the Woda land-

slide was scaled down proportionally. The similarity ratio of 1:550 was determined based 
on the dimensions of the prototype and a physical model of the Woda landslide. A phys-
ical model was constructed based on the structural characteristics and potential unstable 
range of the Zone I in the Woda landslide. The model slope was divided into three parts: 
sliding body, sliding zone, and bedrock (Figure 4b,c). The dimensions of the model slope 
were approximately 165 cm in length, 60 cm in width, and 70 cm in height. The sliding 
zone had a thickness of about 2 cm, and the maximum thickness of the sliding body was 
15 cm. 

The similarity of the physical model to the Woda landslide was determined using 
dimensional analysis and similarity theory (Table 2). The main parameters of the similar 
materials in the physical model included the geometric similarity ratio (l), density (ρ), 
moisture content (w), Poisson’s ratio (μ), internal friction angle (φ), cohesion (c), displace-
ment (δ), and permeability coefficient (k). Based on dimensional analysis and the homo-
geneity theorem, the above parameters can be expressed as follows: 
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3.2. Similar Materials

According to the similarity theory, the intense deformation Zone I of the Woda land-
slide was scaled down proportionally. The similarity ratio of 1:550 was determined based
on the dimensions of the prototype and a physical model of the Woda landslide. A physical
model was constructed based on the structural characteristics and potential unstable range
of the Zone I in the Woda landslide. The model slope was divided into three parts: sliding
body, sliding zone, and bedrock (Figure 4b,c). The dimensions of the model slope were
approximately 165 cm in length, 60 cm in width, and 70 cm in height. The sliding zone had
a thickness of about 2 cm, and the maximum thickness of the sliding body was 15 cm.

The similarity of the physical model to the Woda landslide was determined using
dimensional analysis and similarity theory (Table 2). The main parameters of the similar
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materials in the physical model included the geometric similarity ratio (l), density (ρ), mois-
ture content (w), Poisson’s ratio (µ), internal friction angle (φ), cohesion (c), displacement
(δ), and permeability coefficient (k). Based on dimensional analysis and the homogeneity
theorem, the above parameters can be expressed as follows:

f (l, ρ, w, µ, φ, c, δ, k) = 0

Table 1. Technical parameters of the model experimental instruments for the Woda landslide.

System Unit Instruments Model Number Key Technical Parameters

Model box Model box — 1 Size: 150 cm × 60 cm × 100 cm
(length × width × height)

Rainfall
simulation

system

Atomizing nozzle TW3010 5 Diameter: 0.3 mm; rainfall intensity:
0.063–0.251 mm/min.

Atomizing nozzle TW5010 5 Diameter: 0.5 mm; rainfall intensity:
0.163–0.433 mm/min.

Water tank — 1 Volume: 25 L

Compressor XK06-020 1
Rated voltage: 220 V; pressure:

0.5–3 MPa; volumetric flow rate of
0.032 m3/min; output power: 0.55 kW

Internal
monitoring

system of the
model

Soil pressure gauge CYY2 6
Diameter: 6 mm; output voltage:
0–5 V; range: 0–4 kPa; accuracy:

0.01 kPa; dynamic frequency: 50 kHz

Pore water pressure gauge CYY9 6
Diameter: 6 mm; output voltage:
0–5 V; range: 0~2 kPa; accuracy:

0.01 kPa; dynamic frequency: 50 kHz

Model surface
monitoring

system

3D laser scanner Faro S70 1

Scanning range: 0–360◦; maximum
scanning speed: 97 Hz; power

consumption: 25 W; ranging error:
<1 mm

Camera SONY-ILCE-6000 3

Sensor: Exmor APS-HD-CMOS; APS
frame: 23.5 × 15.6 mm; maximum

resolution: 6000 × 4000; optical zoom:
1–16 times

Wire displacement meter MPS-S 3 Range: 50–2000 mm; accuracy: 1 mm;
tensile force: <600 g

Table 2. Similarity coefficient table for the model test of the Woda landslide.

Physical Quantity Similarity Constant Code Similarity Coefficient

Geometric dimensions, l Cl 1:550
Density, ρ Cρ 1:1

Moisture content, w Cw 1:1
Poisson’s ratio, µ Cµ 1:1

Internal friction angle, φ Cφ 1:1
Cohesion, c Cc 1:1

Displacement, δ Cδ 1:550
Permeability coefficient, k Ck 1:5501/2

The bedrock of the physical model was simplified as impermeable or low-permeability
bedrock, and was constructed by stacking bricks. A layer of cement mortar was applied
onto the bedrock’s top surface to achieve impermeability or low permeability. The selection
and proportions of similar materials in the model were determined through comparative
tests between multiple sets of similar material ratios and the prototype materials of the
Woda landslide (sliding body and sliding zone) (Table 3). Among them, the sliding zone
material consisted of gravel (2~5 mm), sand, bentonite, and water, with a ratio of 1:2:3:1.
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The sliding body material consisted of gravel (5~10 mm), sand, heavy mineral powder
(weighting material), silt, bentonite (binding material), and water, with a ratio of 1:2:8:9:3:3.
Figure 5 shows the particle size distribution curves of the prototype and model materials
of the Woda landslide, and Table 4 lists the physical and mechanical parameters of the
prototype’s and physical model’s materials. In addition, to reduce the shear interaction
between the side walls of the model box and the physical model of the landslide, Vaseline
was uniformly applied to the contact area between the model box and the soil layer. The
sensors were also positioned at a certain distance from the side walls of the model box
(Figure 4d).

Table 3. Composition and proportion relationships between similar materials for the Woda landslide
model test.

Material Type Material Size
(mm)

Material Proportion
IllustrateSliding Zone Sliding Body

Gravel 2~5 1/6 -
Sand 1~0.5 2/6 -

Bentonite <0.002 3/6 3/26 Binding material
Water - 1/6 3/26
Gravel 5–10 - 1/26
Sand 0.2–2 - 2/26

Barite powder 0.05–0.2 - 8/26 Weighting material
Silt soil 0.05–0.2 - 9/26Water 2024, 16, x FOR PEER REVIEW 9 of 25 
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(b) Sliding zone.

Table 4. Physical and mechanical parameters of the Woda landslide prototype materials and
model materials.

Material Type Density ρ
(g/cm3)

Moisture Content w
(%)

Cohesion c
(kPa)

Internal Friction
Angle φ

(◦)

Permeability
Coefficient k

(m/s)

Volumetric
Weight γ
(kN/m3)

Sliding
body

Prototype 2.25 12 71.14 21.35 4.44 × 10−5 22.05
Model 2.24 12 63.34 22.62 1.92 × 10−6 22.34

Sliding
zone

Prototype 2.20 19 12.06 21.16 3.57 × 10−6 21.56
Model 2.21 19 10.14 20.06 1.51 × 10−7 21.93

3.3. Test Conditions

Due to long-term geological evolution processes, the accumulation of an ancient
landslide forms a gentle slope, and the internal body of the slope becomes compacted.
The rock–soil mass has good cementing property and low permeability, making it more
stable [30,36]. The shear outlet at the front edge of the Woda landslide is exposed, and the
slope of the accumulation body is about 23◦~25◦, which has good deformation potential.
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Under the infiltration of rainfall, tensile cracks gradually appear on the slope’s surface.
Under the action of gravity, rainwater infiltrates into the deep part of the slope along the
cracks. This process promotes the development of cracks, which have wide upper parts
and a narrow lower parts, resembling a “V” shape. Field investigations indicated that the
tensile cracks in the intense-deformation Zone I of the Woda landslide did not penetrate
the accumulation body.

In order to elucidate the evolution of the rainfall-induced deformation and destruc-
tion process of the Woda landslide, and to reveal the destabilization mechanism of the
Woda landslide under the coupling effect of cracks and rainfall, two physical models of
the landslide were created in this study (Table 5): (1) a physical model without cracks
(Figure 6a), and (2) a physical model with a “V”-shaped crack at the rear edge, with 3 cm in
top width, 7 cm in depth, and 60 cm in length (Figure 6b). Previous studies have indicated
that rainfall intensity has a significant impact on the stability of ancient landslides [12,14,48].
To realistically reflect the influence of rainfall on the reactivation and deformation of the
Woda landslide, meteorological data were collected, revealing that the monthly maximum
rainfall in the study area is about 167 mm (Figure 6c), and the maximum daily rainfall is
about 49.8 mm (Figure 6d). Combining with the similarity theory, the rainfall intensity
in the model test was determined to be 7.02 mm/h, corresponding to a rainfall intensity
of 50 mm/d in the real environment. The model test was conducted under continuous
rainfall during the test period (Figure 6e). Because rainfall has a certain negative influence
on data collected by 3D laser scanners and cameras, we stopped the rainfall and collected
data for some important time nodes, such as local sliding and crack expansion, during the
model tests.

Table 5. Experimental conditions of landslide model tests.

Scenario Test Conditions
Rainfall
Intensity
(mm/h)

Crack Location Crack Geometry
Parameter

Scenario 1 Rainfall
7.02

- -

Scenario 2
Coupling effect
of rainfall and

crack

Model trailing
edge

V-shaped, 3 cm in
width, 7 cm in height,

60 cm in length
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3.4. Instrument Layout

During the model test, three cameras and one 3D laser scanner were utilized to obtain
the surface deformation characteristics of the physical model. The application of 3D
laser scanning technology enables rapid acquisition of high-precision and high-resolution
topographic data in the field, which is of great significance for landslide deformation
monitoring. It has been widely used in the deformation monitoring of landslides and other
geological disasters, as well as in landslide model tests [49–52]. Small cylindrical nails
with diameters of 1 cm were strategically positioned on the model surface as monitoring
points, with an interval spacing of 10 cm. Prior to rainfall, the model was scanned to obtain
its undeformed shape, which served as a reference for measuring the deformation of the
model during the model test.

Additionally, three monitoring sections were established at the front, middle, and
rear parts of the physical model to acquire response characteristics related to surface
displacement, internal soil pressure, and pore water pressure. Each section was equipped
with a displacement sensor installed on the model surface. Furthermore, three soil pressure
sensors and pore water pressure sensors were placed on each side of the central axis at
approximately 10 cm intervals. These sensors were installed near the interface between the
sliding zone and the sliding body (as depicted in Figure 4c,d).

4. Results
4.1. Deformation Processes of Landslides

In the model test process of scenario 1, several phenomena were observed. Initially,
settlement deformation was predominantly exhibited during the onset of rainfall. After
approximately 178 min of continuous rainfall, a shallow surface collapse occurred at the
foot of the slope (Figure 7c). Between 178 and 362 min, an arc-shaped expansion of the
collapsed area took place at the foot of the slope, accompanied by non-uniform settlement
in the middle section, where greater settlement was observed on the right side compared to
the left side (Figures 7d and 8d). From 362 to 838 min, localized instability and subsequent
backward expansion were experienced on the right side of the model’s front edge, with a
fan-shaped failure pattern evident within this region (Figure 7e). The maximum thickness
of this instability zone reached approximately 5.49 cm (Figure 8e), while non-uniform
settlement continued expanding on the right side of the slope. At around 1108 minutes
into rainfall, complete collapse occurred along with failure of the entire front edge in the
model (Figure 7f), reaching a maximum instability thickness close to 10.95 cm (Figure 8f).
By minute 1300 of rainfall, no further signs of deformation were observed in the model,
and thus, the model test was concluded.

In the model test process of scenario 2, several phenomena were observed. During
the initial stage of rainfall, settlement deformation with a magnitude of approximately
2 mm primarily occurred in the model (Figures 9 and 10). From 112 to 220 min, localized
sliding took place in the middle part of the model’s front edge, resulting in a tongue-shaped
morphology measuring approximately 35 cm in length and approximately 20 cm in width.
Seven tensile cracks developed in the middle-rear part of the slope (Figure 9c), while four
tensile cracks appeared at the rear edge of the slope. The main tensile crack, L1, had a length
of approximately 42 cm and a width of approximately 1 cm. On both sides of the L1 tensile
crack, three tensile cracks, L1-1 to L1-3, were distributed, measuring 4 to 20 cm in length and
approximately 0.3 cm in width (Figure 9c1). At 10 cm from the preset crack, three tensile
cracks, L2, L3, and L4, were formed in the middle part of the slope. The L2 and L3 tensile
cracks were approximately 48 to 55 cm in length and 0.5 to 1 cm in width, while the L4
tensile crack was approximately 23 cm in length and 0.3 cm in width (Figure 9c2). During
the period of 220 to 397 min, localized sliding at the front edge of the model intensified, and
new two tensile cracks, L5 and L6, formed in the middle part of the slope. Tensile cracks
L2 to L4, in the middle part of the slope, were basically connected laterally (Figure 9d).
From 397 to 492 min, a larger-scale sliding occurred on the right side of the model, and
the tensile cracks in the middle and rear parts of the slope further expanded (Figure 9e).



Water 2024, 16, 583 11 of 24

During the period of 492 to 556 min, the entire front edge of the model experienced sliding,
and the rear part of the slope lost support. Tensile crack L3 connected with L4; the slope
located before them experienced a slide of approximately 0.5~1.5 cm, with a maximum
instability thickness of approximately 10.4 cm (Figure 10e). From 556 to 653 min of rainfall,
progressive failure occurred in the mid-rear area of the model. Failure of the model’s
middle sliding body occurred, which was located at front of the L3 and L4 tensile cracks
(Figure 9f), leading to the sliding of the block in front of the L2 crack at the rear of the model
(Figure 9g), with a maximum instability thickness of approximately 15.2 cm (Figure 10f).
By 660 min of rainfall, no new signs of deformation were observed in the model, and the
model test was concluded.
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Figure 9. Deformation and failure characteristics of the model slope in different stages under working
scenario 2: (a) Side view of the model slope; (b) Front view of the model slope; (c,c1,c2) Deformation
characteristics of the slope body during the 112~220 min stage; (d) Deformation characteristics of the
slope body during the 220~397 min stage; (e) Deformation characteristics of the slope body during
the 397~492 min stage; (f) Deformation characteristics of the slope body during the 492~556 min
stage; (g) Deformation characteristics of the slope body during the 556~653 min stage.
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of the model slope at different times.

4.2. Variation in Pore Water Pressure

In the model test process of scenario 1, a significant change in the pore water pressure at
the mid-front of the model was observed. During the 0~100 min period of rainfall, the pore
water pressure near the sliding zone in the slope was relatively low. At 105 min of rainfall,
pore water pressure was first observed at monitoring point P4. The pore water pressure of
P4 exhibited a transient sharp increase followed by a slow increase. At 248 min, the pore
water pressure of P4 remained stable after a temporary reduction. From 130 to 435 min,
there was a slow increase in pore water pressure at monitoring point P2. At 362~435 min,
the pore water pressure of P4 rapidly raised after a temporary reduction. From 435 to
448 min, when the rainfall stopped, the pore water pressure of P2 and P4 continued to
decrease. After 450 min, there was a sharp rise in pore water pressure at monitoring
points P1 and P4. At time nodes 572 and 850 min, both P1 and P4 exhibited decreasing
trends in pore water pressure, with decreases of 0.04 kPa, 0.07 kPa, 0.03 kPa, and 0.12 kPa,
respectively. During the 950~975 min period, when the rainfall ceased, the pore water
pressure decreased at all monitoring points at the mid-front of the model. Around 1108 min
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of rainfall, there was a significant decrease in the pore water pressure at monitoring points
P1, P2, P4, and P5, with reductions of 0.34 kPa, 0.02 kPa, 0.14 kPa, and 0.02 kPa, respectively.
Throughout the entire model test, no pore water pressure was detected at monitoring points
P3 or P6, which were located at the sliding zone on the rear edge of the slope (Figure 11).
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Figure 11. Process of pore water pressure changes under working scenario 1.

In the model test process of scenario 2, significant changes in the pore water pressure
at all monitoring points of the model were observed. During the first 40 min of rainfall,
there were no changes in pore water pressure. From 42 to 75 min, there was a sharp
increase in the pore water pressure at five monitoring points, i.e., P5, P2, P4, P6, and P1,
in order. From 104 to 158 min, except for monitoring point P3, the pore water pressure
exhibited a transient decrease followed by another increase. At approximately 158 min,
there was a sharp increase in the pore water pressure at monitoring point P3. From 175 to
187 min, when the rainfall stopped, the pore water pressure continued to decrease at all
monitoring points. Around 220 min of rainfall, the pore water pressure decreased at all
monitoring points, with the greatest reductions observed at monitoring points P1 and P3 on
the right side of the slope. From 225 to 504 min, the pore water pressure slowly increased
at all monitoring points, and at 490 min, the pore water pressure decreased again at all
monitoring points. During the 504~520 min period of rainfall, there was a sudden increase
followed by a sharp decrease in the pore water pressure at all monitoring points. From
510 to 525 min, when the rainfall ceased, the pore water pressure continued to decrease
at all monitoring points. From 530 to 575 min, the pore water pressure at all monitoring
points rose sharply and remained stable. There was a sudden drop in pore water pressure
at monitoring point P4 at 560 min, while the remaining monitoring points showed a slowly
decreasing trend. From 580 to 660 min, the pore water pressure initially increased slightly
and then sharply decreased at all monitoring points. Pore water pressure reductions of
0.53 kPa, 1.09 kPa, 0.66 kPa, and 0.31 kPa were observed at monitoring points P1, P2, P4,
and P5, respectively. The reductions in pore water pressure at monitoring points P3 and
P6 were relatively small (Figure 12).
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Figure 12. Process of pore water pressure changes under working scenario 2.

4.3. Variation in Soil Pressure

In the model test process of scenario 1, a significant change in soil pressure at the
mid-front of the model was observed. During the 60 min before rainfall, the soil pressure
at monitoring points S2 and S5 in the middle of the model gradually decreased and then
sharply increased. The maximum soil pressures were 2.94 kPa and 1.98 kPa, respectively.
Subsequently, during the model test, the soil pressures of S2 and S5 gradually decreased.
From the 138th minute until the end of the model test, the soil pressure at monitoring
point S6 slowly increased and exhibited oscillatory fluctuations, and the soil pressure
at S3 remained stable throughout the process. From 38 to 150 min of rainfall, the soil
pressures at S2 and S4 sharply increased and then slowly decreased. The maximum soil
pressures reached were 2.46 kPa and 3.52 kPa, respectively. From 200 to 500 min, the soil
pressures of S1 and S4 gradually increased, reaching peak values at the 342nd minute
before slowly decreasing. From 500 to 830 min, the soil pressure at S1 remained constant,
gradually increasing after the 742nd minute. The soil pressure of S4 gradually increased,
experienced a sudden decrease at 595 min, increased again, reached its peak value after the
742nd minute, and remained stable thereafter. From 830 to 1108 min, the soil pressure at
S1 continued to increase, reaching its peak value at the 950th minute and remaining stable.
It then decreased in a stepped manner after the 1013th minute, and experienced a sharp
decrease at the 1108th minute. The soil pressure at S4 briefly decreased, slowly increased,
and rapidly decreased after the 1108th minute (Figure 13).
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In the model test process of scenario 2, significant changes in soil pressure at all
monitoring points were observed. At 0 to 104 min of rainfall, the soil pressure in the front
part of the slope fluctuated intensively, while the rear crack area of the slope remained
relatively stable. The soil pressure at monitoring point S3 remained unchanged, and the
soil pressure at monitoring point S6 gradually increased and then stabilized until the end
of the test. From 150 to 168 min, there was an increase, followed by a sudden drop in soil
pressure at monitoring points S1 and S4. From 190 to 228 min, there was a brief increase
followed by a decrease in soil pressure at monitoring points S1 and S4. From 228 to 400 min,
the variation in soil pressure at all monitoring points was small during continuous rainfall.
From 400 to 500 min, there was a slight decrease in the soil pressure at monitoring points
S2 and S3 in the middle of the slope, while the soil pressure at S1 slowly increased. From
525 to 580 min, the soil pressure at monitoring points S1, S2, S4, S5, and other monitoring
points slowly increased, followed by a gradual decrease in the soil pressure at monitoring
point S4. From 580 to 650 min, there was a sudden increase followed by a sharp decrease in
soil pressure at monitoring point S4 in the front left part of the slope, while the soil pressure
at monitoring points S1, S2, S5, and others slowly increased and then gradually decreased
(Figure 14).
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5. Discussion
5.1. The Mechanism of Ancient Landslide Reactivation

Under the action of rainfall, the reactivation mechanism of ancient landslides is closely
related to cracks. When cracks develop on the slope’s surface, surface water can rapidly
infiltrate into the sliding zone along the preferential channels formed by the cracks [53]. This
not only weakens the strength of the sliding zone soil, but also increases the groundwater
and pore water pressure, thereby inducing ancient landslide reactivation [54,55]. The
results of these model tests show that there are significant differences in the internal
response characteristics of slopes with and without cracks. This leads to differences in the
reactivation mechanisms of landslides under different conditions.

When a slope has no cracks, under the influence of gravity, rainwater rapidly accumu-
lates at the foot of the slope. The saturation zone appears first at the foot of the slope, and it
takes a relatively long time for rainfall to penetrate to the position of the sliding zone in
the slope (at least 100 min). The pore water pressure at the front edge of the slope (P1 and
P4) is greater than that at the middle and rear parts of the slope (P2 and P5, P3, and P6)
(Figure 11). The results show that the influence of rainfall infiltration on the pore water
pressure in the sliding zone of a slope occurs at the foot of the slope, the middle of the slope,
and the back edge of the slope, in order. When a predetermined crack exists at the rear
edge of the slope, the rainfall rapidly infiltrates into the deep part of the slope along the
crack (about 50 min) and travels towards the middle and front edge under the influence of
gravity, resulting in maximum pore water pressure at the middle part of the slope (P2 and
P5), followed by the pore water pressure at the front edge of the slope (P1 and P4) and the
minimum pore water pressure at the rear edge of the slope (P3 and P6) (Figure 12). The
results show that the effect of rainfall infiltration on the pore water pressure in the sliding
zones of cracked slopes is significantly different from that in slopes without cracks. In
addition, the soil pressure at P3 on the right side of the rear edge of the landslide remained
unchanged, and the soil pressure at P6 on the left side increased slowly, indicating that
the rainfall quickly penetrated into the middle and lower parts of the slope after reaching
the right side of the rear edge, while the water infiltration on the left side slowly led to
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an increase in the body weight of the slope, which was consistent with the local slide first
occurring on the right side of the slope.

Under rainfall conditions, the internal soil pressure response characteristics of slopes
with and without cracks are significantly different. When a slope has no cracks, the
maximum soil pressure is observed at the front edge (S1 and S4), followed by the rear edge
(S3 and S6), and the minimum is found in the middle part (S2 and S5) (Figure 13). The soil
pressure in the middle part (S2 and S5) continues to decrease, indicating that the influence
from the rear edge gradually weakens in the middle part. This means that the rainfall’s
impact on the landslide is mainly concentrated in the middle and front parts. When the
soil pressure in the middle part tends to stabilize, it indicates that there are no further signs
of deformation in the rear edge of the slope. In addition, the soil pressure on the right
side of the slope is less than that on the left side, which is consistent with the local sliding
on the right side of the slope first. However, when predetermined cracks exist at the rear
edge of the slope, the rainfall quickly affects the deep part of the slope along the crack and
infiltrates into the middle and front parts of the slope. The soil pressure in the middle part
fluctuates within a small range during the experimental process (Figure 14), indicating that
the rear edge of the landslide continues to deform and pushes against the middle and front
parts. As a result, the front part of the slope collapses and further triggers deformation
and failure in the middle and rear parts, ultimately leading to overall instability of the
landslide. The comparison between monitoring data and slope deformation and failure
process shows that, before local sliding occurs, the soil pressure inside the slope increases
abruptly for a short time and then decreases sharply after local sliding of the slope.

Based on the aforementioned analysis, solely considering rainfall conditions, signif-
icant disparities in reactivation mechanisms of slopes with and without cracks can be
observed. When the slope had no cracks, the reactivation mechanism of the ancient land-
slide under rainfall primarily manifested as foot erosion and localized progressive failure
at the front edge, with a limited impact range and depth (Figure 15a). However, when
cracks existed on the slope, the mechanical behavior of the reactivation mechanism became
complex. It exhibited mid-rear sliding body creeping, tensile cracks developed on the
mid-rear sliding body, localized sliding at the front edge, extension of the tensile cracks in
the mid-rear sliding body, extension of the local sliding range at the front edge, accelerated
creeping in the mid-rear sliding body, and progressive failure of the mid-rear sliding body
(Figure 15b). The presence of dominant seepage as crack channels promotes the evolution
process of ancient landslide reactivation under the same rainfall conditions, causing an
increased range of deformation and failure of ancient landslides.
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5.2. The Evolution Process of Ancient Landslide

The model tests demonstrate that, under rainfall conditions, both slopes with and
without cracks exhibit progressive retrogressive failure in terms of deformation and failure
patterns. However, there are notable distinctions in the extent of failure. When there are no
cracks in the slope, only the front edge of the slope body experiences local sliding before
the landslide, followed by the extension of deformation and failure towards the rear. The
concentrated deformation and failure range is located at the front edge of the slope, and
the front edge of the slope does not slide along the predetermined sliding zone, but forms a
new sliding zone at a certain depth inside the sliding body. When a crack is present at the
rear part of the slope, the middle and rear parts of the slope firstly develop some tensile
cracks, followed by local sliding at the front edge. Under continuous rainfall, the range of
local sliding at the front edge further expands and the deformation in the middle and rear
parts intensifies, resulting in overall reactivation along the predetermined sliding zone.

Based on the analysis of the experimental results, this study roughly divides the
evolution process of ancient landslide reactivation into the following three stages.

Stage 1: Non-uniform settlement and crack formation stage (Figure 16a,b,e,f): After
undergoing long-term geological transformation, the material composition and structural
characteristics of ancient landslides exhibit high density, high cementation, low permeabil-
ity, and heterogeneity [56]. During the initial stage of rainfall, water only affects the shallow
surface of the slope. The heterogeneity on the plane leads to non-uniform settlement of
the landslide, resulting in tensile stress near the boundary of the non-uniform settlement
in the shallow layer of the slope. This provides favorable conditions for the generation
of micro-cracks on the slope surface. Subsequently, rainwater infiltrates into the internal
part of the slope along the micro-cracks, and the micro-cracks extend longitudinally and
transversely, interconnecting with each other and eventually forming cracks.
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(b) Rainfall infiltration and crack formation on the slope surface; (c) Overall deformation and local
sliding; (d) Progressive instability and failure; (e) Early stage of rainfall infiltration; (f) Process of flow
channel formation; (g) Local sliding; (h) Progressive instability.

Stage 2: Crack extension and local sliding stage (Figure 16c,g): The crack in the shallow
layer of the slope becomes the main preferential pathway for rainwater infiltration into
the deep part of the slope in the later stage. Under the influence of gravity, rainwater
gradually infiltrates into the deep part of the slope and towards the direction of the free
face. This causes the cracks on the slope to gradually extend towards the deep part and the
direction of the free face, gradually evolving into local weak structural planes. The sliding
body undergoes creep deformation along these local weak structural planes towards the
direction of the free face (Figure 16g). Influenced by the topography, relatively flat areas
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such as the accumulation platform and the foot of the slope are prone to forming locally
water-rich, saturated zones. As a result, the pore water pressure rises within the slope,
reducing the shear resistance of the structural planes, eventually leading to localized sliding
of the sliding body.

Stage 3: Progressive failure and overall instability stage (Figure 16d,h): After localized
sliding occurs at the front and middle parts of the slope, a free face with a steeper slope is
formed. The weak structural planes or sliding zones are exposed to the free face, devel-
oping a series of tensile cracks around the boundary of the localized sliding (Figure 16c).
Rainwater quickly infiltrates along these tensile cracks to the slip bands, resulting in the
degradation of the mechanical properties of the sliding zone and a significant reduction in
shear resistance. The rear part of the slope undergoes accelerated creep deformation, and
the cracks in the middle and rear parts extend, eventually leading to instability and failure.
This evolutionary process is nearly identical to the process of excavation-induced instability
of landslides, but the effects of water are slow. Rainfall-induced landslide deformation has
characteristics such as multi-stage and multi-phase occurrence [37].

5.3. Limitations and Inspirations of Model Test

By analyzing the deformation and failure processes and the characteristics of model
slopes with and without cracks under rainfall conditions, the reactivation mechanisms of
ancient landslides under the influence of rainfall or the coupling effect between rainfall and
cracks were revealed. However, this model test has certain limitations and is not sufficient
for the evaluation of the hazard or stability of a landslide. The cracks in this model test
were only considered in terms of depth and position, without considering factors such as
the number of cracks, their extension lengths, or their directions. Therefore, they cannot
truly reflect the current state of the landslide.

Currently, both our model test and numerical simulation are effective methods to
evaluate landslide stability. Numerical simulation has been widely used due to its effi-
ciency, convenience, accuracy, flexibility, and low cost [57,58]. In landslide engineering,
the accuracy of stability evaluation results obtained through model tests and numerical
simulations depends mainly on whether the evaluation models truly reflect the landslide
prototype. Most researchers generalize the landslide prototype and ignore certain factors,
such as slope body cracks, and establish generalized models based on the major factors for
evaluation [57,59,60]. Although some results have been achieved through this approach, it
also ignores the factors that influence the evaluation results, such as groundwater, cracks,
etc. Based on the analysis of the results of this experimental study, for the evaluation of
stability in ancient landslides, it is necessary to further consider the geometric characteris-
tics of landslide cracks and their influences on stability, such as depth, width, length, and
orientation.

6. Conclusions

In this study, the Woda landslide was taken as a case study, and the deformation and
instability processes of different model slopes with and without cracks were investigated
under rainfall conditions based on model tests. The influence of cracks on ancient landslide
reactivation was analyzed, and the reactivation mechanism of ancient landslides under
the coupling effect of rainfall and cracks was revealed. The following main conclusions
are drawn:

1. The influence of rainfall on the deformation process, instability, and range of an
ancient landslide is closely related to cracks. When there are no cracks in an ancient
landslide, the deformation and failure of the ancient landslide are concentrated mainly
in the front part, with the impact mainly limited to the shallow sliding body at the
front part of the ancient landslide. However, when cracks develop on an ancient
landslide, rainwater can rapidly infiltrate into the deep sliding zone along the cracks,
resulting in overall deformation and instability of the ancient landslide.
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2. Under rainfall conditions, significant differences can be observed in the response
characteristics of pore water pressure and soil pressure in the deep parts of ancient
landslides with and without cracks. When cracks develop on ancient landslides,
the time required for rainwater to infiltrate into the deep sliding area is twice as
long as in ancient landslides with cracks. Rainfall first causes changes in the pore
water pressure and soil pressure at the foot of the ancient landslide, followed by
the middle of the ancient landslide, with the least impact at the rear of the ancient
landslide. When cracks develop on an ancient landslide, rainfall first causes changes
in the pore water pressure and soil pressure at the mid-rear of the ancient landslide,
followed by changes in the pore water pressure and soil pressure at the foot of the
ancient landslide.

3. The reactivation mechanisms of ancient landslides under rainfall conditions and the
coupling effect of rainfall and cracks show significant differences. In cases where there
are no cracks present, the overall behavior involves erosion at the toe of the ancient
landslide and progressive localized failure at the front edge, with the impact range
and depth being limited. However, when cracks develop on ancient landslides, the
mechanical behavior of the reactivation mechanism becomes more complex, including
mid-rear ancient landslide creeping, tensile cracks developing at the mid-rear of
the ancient landslide, localized sliding at the front edge, extension of tensile cracks,
extension of the local sliding range, accelerated creeping, and progressive failure at
the mid-rear of the ancient landslide.

4. Cracks play an important role in promoting the deformation and failure of ancient
landslides. The characteristics of crack development in different stages of the reactiva-
tion of ancient landslides vary. It is recommended to consider the influence of crack
development characteristics of ancient landslides, such as crack location, quantity,
depth, length, and orientation, on their stability in the evaluation of landslide stability.
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