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Abstract. Landslides are frequent in granite areas during rainfall. The hydrological response and deformation
damage mechanisms of granite-weathered crust slopes were investigated by physical model tests. The variability
of the material with respect to the thickness of the residual layer was taken into account. The results show that the
three types of slopes exhibit distinct disaster mechanisms. For the E1 slope (10 cm residual layer), the residual
layer was rapidly saturated, and seepage was formed. The residual soil was susceptible to severe suffosion, and
an overall flow-slip failure occurred with no obvious sliding surface. For the E2 slope (20 cm residual layer),
rainfall infiltrated the soil-rock interface, forming a temporary water table at this location. The slope tended to
slide along the soil-rock interface at the foot of the slope under the traction and drag of water flow. For the E3
slope (30 cm residual layer), rainfall failed to infiltrate the interface, and no seepage was observed within the
slope. The slope gradually slides within the residual layer under hydrostatic pressure and self-weight, with a
circular arc sliding surface. This study fills the gap in granite-weathered crust landslides with different residual
layer thicknesses and has certain theoretical significance.

1 Introduction

Granite is widely distributed in the southeastern coastal ar-
eas of China. The area of granite in Guangdong Province is
approximately 65300km?, which accounts for about 36 %
of the total area of the province (Zhang, 2009). The gran-
ite is subject to a lengthy period of physico-chemical weath-
ering to form a huge, thick weathered crust with a surface
layer of granite residual soil. The residual soil exhibits su-
perior integrity and remarkable mechanical properties due
to the robust interconnections between weathering residues
(Heidemann et al., 2021; Lu et al., 2024). However, residual
soil exhibits poor hydro-physical characteristics, rendering
its original stable structure susceptible to rapid destruction
when exposed to water (Branco et al., 2014; Li et al., 2020;
Liao et al., 2025). Wang et al. (2020) demonstrated that slope
stability is reduced by up to 30 % under wet and dry cycles.
Guangdong Province is situated within the subtropical mon-

soon climate zone, characterized by abundant rainfall. The
granite area is prone to mountain disasters occurring during
rainfall. In recent years, a number of clustered landslides in
this region have been reported (Wang et al., 2023; Yang et al.,
2024; Zhang et al., 2025). These disasters have caused con-
siderable economic and ecological losses within the region.
The weathered granite crust exhibits a distinctive layering
feature, whereby the upper layer consists of granite resid-
ual soil and the lower layer comprises weathered granite,
which is an earthy rock. Landslides occurring on this type
of slope have been shown to exhibit significant material vari-
ability. The present focus of research on the influence of ma-
terial variability on slope instability is on the difference in the
physical properties of single-layer homogeneous landslides.
The fine particle content of the soil enhances the likelihood
of soil liquefaction and affects landslide failure mechanisms
(Monkul and Yamamuro, 2011; Monkul et al., 2016). The
initial porosity of the soil has been demonstrated to affect

Published by Copernicus Publications on behalf of the European Geosciences Union.



862 J. Chen et al.: Experimental study on granite-weathered crust landslides

the shear behavior of the soil during slope failure, which in
turn affects the failure mode of the landslide (Iverson et al.,
2000; McKenna et al., 2011). Density has an impact on the
process of rainfall infiltration on slopes, resulting in differ-
ences in the hydrological response to rainfall (Lora et al.,
2016; Jiang et al., 2017). It is evident that the variability of
landslide materials is a key influence on the formation mech-
anism and damage pattern of landslides, especially when this
variability occurs on a single slope. Rahardjo et al. (2012) ob-
served rainfall infiltration on fine sand—granite rubble slopes
and, through the utilization of negative pressure monitoring,
confirmed that the rubble layer can effectively impede the
infiltration of heavy rainfall. The coarse-grained layer can
be used as a barrier layer to control rainfall infiltration into
the slope to prevent landslides (Krisdani et al., 2010; Chen
et al., 2022). Lourenco et al. (2006) modeled soils with dif-
ferent grain size distributions on slopes and found that the
slope failure mode depends mainly on the relative stratifi-
cation. The slope seepage pattern, influenced by the relative
stratification, changes the pore water pressure response char-
acteristics of the slope. This, in turn, affects the slope failure
mode. Bian et al. (2024) simulated the hydrological evolu-
tion of non-homogeneous slopes under rainfall conditions by
means of a flume test. It was found that differences in the
soil permeability within the slope resulted in the existence of
a relatively dry—wet interface. Changes in the strength prop-
erties of the material on either side of this interface created
conditions for deep-seated landslides. It can be seen that con-
sidering the soil variability of individual slopes leads to a bet-
ter understanding of the landslide damage mechanism (Wu
et al., 2019; Ng et al., 2021). However, the majority of cur-
rent research on granite-weathered crust landslides has been
confined to the variability of the physical properties of a sin-
gle material, such as the effect of grain size distribution and
dry density on slope hydrology and damage processes (Xu
et al., 2018; Hu et al., 2020; Wu et al., 2022). Meanwhile,
the weathering degree of granite is influenced by geomor-
phological and climatic conditions, which results in residual
layers with significant thickness differences (Qi et al., 2022).
Consequently, it is imperative to consider the influence of
material variability and the thickness of residual layers when
attempting to elucidate the slope damage in granite areas un-
der heavy rainfall.

In this study, a detailed survey of the study area was
conducted first. On this basis, three granite-weathered crust
slopes with different residual layer thicknesses were de-
signed and modeled under rainfall conditions. The tests used
water content sensors, pore water pressure sensors, and soil
pressure sensors to monitor the hydrological response and
mechanical behavior of slopes during rainfall. The process
of generation and development of slope cracks, erosion, and
damage during rainfall was studied by taking photographs.
Combined with the sensor monitoring data, the changes in
water content, pore water pressure, and sliding thrust at dif-
ferent locations of slopes were analyzed, which further re-
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vealed the deformation and damage mechanism of granite
weathering crust slopes with different residual layer thick-
nesses under heavy rainfall. This study can provide a the-
oretical basis for the monitoring and prevention of rainfall-
induced landslides in granite areas.

2 Background

Longchuan County, Guangdong Province, is located in the
subtropical monsoon climate zone of China. The area expe-
riences a high level of precipitation, with an average annual
rainfall of 1621.79 mm. The distribution of rainfall across
the region is uneven, with the majority of precipitation oc-
curring between April and July each year. These months ac-
count for 52 % of the annual rainfall, with the majority of
this occurring as heavy rainfall. A total of 95.35 % of geo-
hazards occurred during periods of concentrated rainfall (Jia
et al., 2024). There is a strong correlation between periods
of heavy rainfall and periods of high incidence of geohaz-
ards. From 10 to 13 June 2019, persistent rainfall occurred
in Longchuan County. One of the heavy rainfall events from
14:00 to 19:00 UTC+8 on 11 June resulted in mass landslides
throughout the village of Mibei. Following the disaster, we
surveyed the geological and geographic environment of the
village of Mibei, focusing on the 31 larger landslide sites in
this event (Fig. 1b). The study area is a hilly and mountain-
ous landform with simple geological conditions. There are
no discernible faults or folds, and the groundwater table is
deep. The bedrock consists of Lower Paleozoic granite. The
outcrops on the surface expose the thick, weathered crust
formed by the weathering of granite. A distinct boundary
can be seen in the profile of the stratum (Fig. 2a), showing a
typical dual structure. The upper part of the weathered crust
is the residual layer formed in situ after the weathering of
granite. It is unevenly exposed at different locations and has
a thickness of 1.00-10.40 m. The residual soil is hard plas-
tic, slightly wet, and yellowish-brown in color. Quartz grains
are visible to the naked eye. The lower part consists of the
completely weathered layer, where the original rock struc-
ture remains discernible. The lower part of the weathered
crust is the completely weathered layer, where the original
rock structure remains recognizable. The completely weath-
ered granite is hard and grayish-brown in color. All minerals,
except for quartz, have been weathered (Fig. 2b). The basic
geotechnical properties of the weathered crust are shown in
Table 1. According to engineering classification, the residual
soil belongs to sandy clay. The lower, completely weathered
layer is more compact and less susceptible to water seep-
age than the upper residual layer. The survey statistics of 31
landslide points show that the slope gradient of the landslides
ranges from 31 to 45°, with the transverse width from 36 to
135 m and the longitudinal length from 40 to 88 m. The slid-
ing surface depth ranges from 1.5 to 4.3 m, all of which are
shallow landslides. The material composition of the landslide
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Figure 1. Map showing the background of the study area. (a) Geographical location. (b) Satellite images before and after the disaster
(©Google Earth 2022). Publisher’s remark: please note that the above figure contains disputed territories.

Figure 2. Geological condition of the study area. (a) Stratigraphic
structure. (b) Drill core samples.

mass is mainly residual soil. The water content of the land-
slide mass is considerable, and some of the landslides exhibit
fluidization.

3 Physical model test

3.1 Artificial rainfall model test

The slope physical model test platform is comprised of
a model box, a rainfall system, and a data acquisition
system (Fig. 3a). The dimension of the model box is
2m x I m x 1.8 m (length x width x height), and it is con-
structed with Plexiglas and steel columns. Grid lines have
been drawn on the Plexiglas sidewalls to provide coordinate
reference and datum control. The EL-RS3/5 mobile artificial
rainfall simulation system produced by the Beijing ECO-
LEADER company consists of a rainfall machine, a water
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supply system, and a control system. Its effective rainfall
area is Sm x 3m (length x width), with the rainfall unifor-
mity coefficient greater than 0.9. The data acquisition system
mainly consists of water content sensors, pore water pressure
sensors, soil pressure sensors, and a data collector, which are
produced by Xi’an Weizheng Electronic Technology Com-
pany. Two layers of sensors were buried at the foot, middle,
and top of the slope, respectively, and the specific location is
shown in Fig. 4. The sensor data are transferred to the note-
book at a frequency of 3 min via the data collector. The defor-
mation damage characteristics of slopes are recorded using
the camera.

The objective of this test is to explore the rainfall infiltra-
tion law and the process of deformation damage in granite-
weathered crust slopes with varying residual layer thick-
nesses during heavy rainfall. A slope model geometric sim-
ilarity ratio of 1:20 was determined based on the field in-
vestigation and test conditions. The model measures 120 cm
in length and 100 cm in width and has a slope angle of 30°.
The depth of the sliding surface and the thickness of the cor-
responding residual layer were measured for 21 landslides
(the positions are plotted in Fig. 1b, and the data are listed
in Table 2). The thickness of the residual layer is primarily
concentrated at 1.83-2.14, 3.66—4.20, and 5.72-6.42m, re-
spectively. Consequently, the midpoint values of these three
intervals, 2, 4, and 6 m, were selected for the study. Accord-
ing to the geometric similarity ratio, three sets of test mod-
els, designated E1, E2, and E3, were designed with residual
layer thicknesses of 10, 20, and 30 cm, respectively. The gen-
eralized geological model is shown in Fig. 4. According to
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Table 1. Geotechnical properties of granite-weathered crust.

Dry density =~ Mass water  Porosity Permeability
Rock and soil (g cm*3) content (%) ratio  coefficient (m sfl) Soil mass percentage by grain size
>2mm <2mm <05mm <025mm <0.075mm
Residual soil 18.9 7.53 0.724 3.47 x 1073 6.49 93.51 56.39 46.91 39.63
Completely 20.7 6.14 0.563 4.86 x 1076 10.79 89.21 57.44 44.81 31.41

weathered granite

Slope model

“Flow meter

Pressure gauge

Figure 3. (a) Slope model test platform. (b) Constructed slope
model.

the Weber similarity criterion, the rainfall intensity similar-
ity ratio should be the negative one-half power of the geo-
metric similarity ratio (Sun and Zhang, 2012). Accordingly,
this study employs the rainfall intensity similarity ratio of
1:0.22. The cumulative rainfall in the study area prior to the
disaster was 62.4 mm from 14:00 to 19:00 UTC+8, which
was converted to a rainfall intensity of 47.2 mmh~! and a du-
ration of 6 h for the test. The groundwater table in the study
area is deep, and the initiation of landslides is not related
to groundwater. Therefore, groundwater is not considered in
the test.

3.2 Material selection

The selection of experimental materials is the focus of phys-
ical model tests. At present, two principal approaches to ma-
terial selection exist. The first is the use of artificial materials
configured based on similarity theory (Zhang et al., 2023; Li
et al., 2023). The second is the use of prototypical materi-
als taken directly from the study area (Zhang et al., 2019;
Zhen et al., 2023). This test focuses on the impact of perfor-
mance differences among geotechnical bodies on slope dam-
age, so the selection of prototypical materials can more ob-
jectively reflect the rainfall infiltration law and deformation
damage process of this type of slope. The test model com-
prises the residual layer and the weathered layer. Residual
soil and completely weathered granite were first sampled in
the landslide area and then remodeled indoors based on parti-
cle gradation and initial mass moisture content. The specific
parameters of the material are shown in Table 1.
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3.3 Test procedure

The slopes were modeled using the density control method
and the layered filling method. The specific test procedure is
as follows:

1. The slopes were filled in one layer per 10 cm. The mass
of material needed to lay each layer was calculated us-
ing the volume of each modeled layer and the predeter-
mined dry density and water content of the geotechnical
body.

2. The weathered layer was filled first. The weighed mate-
rial was spread evenly inside the model box and tamped
to the predetermined height. The model was subse-
quently cut to the predetermined angle based on the grid
lines of the sidewalls of the model box. To simulate the
interface between the weathered and residual layers, the
surface of the weathered layer was scraped. The afore-
mentioned steps were repeated to complete the filling of
the residual layer.

3. When the material was stacked to the depth of the sen-
sor pre-embedding during slope construction, the sensor
was inserted and secured, while the data collector was
turned on to determine if the readings are abnormal.

4. After completing the modeling, the model was covered
with tarpaulin and left to stand for 48 h. This allowed
for uniform adjustment of the internal water distribution
and stress state of the soil body. The rainfall system was
initiated to commence the test. The test was terminated
if landslides occurred during rainfall.

4 Results

4.1 Slope failure characteristics
4.1.1 Slope failure process

Figure 5 shows the failure process of the El slope. As il-
lustrated in the figure, at test 243 min, a small range of low-
lying areas was observed on the slope. As rainfall persisted,
the residual layer gradually became saturated, and runoff was
generated on the slope. The low-lying areas on the slope sur-
face gradually developed into fine gullies as a result of runoff
scouring. At test 336 min, the phenomenon of slip collapse
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(®)

Figure 4. Schematic diagram of slope dimension and sensor buried position (unit: cm). (a) Side view. (b) Top view.

Table 2. Statistical landslide depth and residual layer thickness.

@ Monitoring point

T Pore water pressure sensor

[ Granite residual soil

u ‘Water content sensor

T Soil pressure sensor

[ Completely weathered granite

ID Hm) H(m) ID H(m) Hm ID H(m H (m)
1 1.60 1.94 9 4.25 4.09 23 3.30 6.12
2 1.67 1.83 10 3.52 642 24 3.51 3.93
3 3.73 374 11 3.56 3.83 25 1.63 1.95
5 3.39 635 12 3.57 3.67 26 3.69 3.66
6 3.56 335 13 1.54 1.86 27 3.69 4.51
7 1.51 2.14 14 3.74 410 28 1.44 1.83
8 1.21 202 15 1.20 1.91 29 3.28 3.18

865

Hj represents landslide depth, H represents residual layer thickness.

was observed at the foot of the slope. The initial fine gullies,
subjected to the continuous action of seepage and erosion, ul-
timately evolved into erosion trenches of a certain depth and
width. At test 360 min, extensive damage occurred at the top
of the slope, with soil moving with the water flow and eventu-
ally accumulating at the foot of the slope. The accumulation
mass exhibited looseness, high water content, and mobility.
The slope showed an overall flow-slip damage with no obvi-
ous sliding surface. The suffosion channels were observed at
the foot of the slope.

Figure 6 shows the failure process of the E2 slope. As il-
lustrated in the figure, at test 294 min, transverse crack [ was
observed at the foot of the slope. The formation of the crack
is attributed to the continuous flow of rainwater towards the
foot of the slope, thereby weakening the soil’s resistance to
deformation. At test 306 min, the soil body at the foot of
the slope exhibited horizontal movement, resulting in uneven
settlement of approximately 3cm of downward misalign-
ment and transverse crack II. Crack II ran almost from the
middle to the right border, and crack I had extended to the left
border. These two cracks almost traversed the whole slope.
At test 309 min, the slope slid along crack I and crack II. The
trailing edge of the landslide was located at the foot of the
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slope, and the sliding surface was positioned at the soil-rock
interface. It took only 15 min for the landslide to happen af-
ter the appearance of the crack at the foot of the slope. This
landslide exhibited sudden sliding characteristics.

Figure 7 shows the failure process of the E3 slope. As il-
lustrated in the figure, at test 204 min, crack I and crack II
were observed at the middle of the slope. These are the
tensile cracks caused by uneven settlement of the slope
caused by rainfall infiltration. With the infiltration of rainfall,
the overall downward deformation of the slope increased,
and the slope underwent a shear and tension effect. At test
286 min, crack I was extended and expanded in the lower left
direction. New cracks appeared at the top of the slope, ar-
ranged in a feathery pattern. At test 348 min, the slope slid
along the crack I. The sliding surface exhibited a circular arc
shape, and the depth of the landslide was about 23 cm. There
were multiple cracks appearing on the slope during the pro-
cess.

4.1.2 Fine particle migration

In the case of rainfall-induced landslides, it is common for
turbid runoff to carry sediment downhill and pile up at the

Earth Surf. Dynam., 13, 861-873, 2025
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Figure 6. Deformation and failure process of the E2 slope.

foot of the slope. The phenomenon is essentially particle mi-
gration (Lu et al., 2011; Cui et al., 2014). The residual soil
lacks intermediate particle size. The coarse particles form
the skeleton of the soil, and the fine particles are attached to
the skeleton particles as a cement-like substance (Liu et al.,
2021). This makes the fine particles able to be carried by wa-
ter flow and move through the skeleton pore. It is difficult to
make direct observations inside the slope without the aid of
specialized equipment. In this study, samples were obtained
from the top, middle, and foot of the slope of the three groups
using a cutting ring. The locations of the samples correspond
with the depth of the sliding surface. The fine particles (par-
ticle size less than 0.075 mm) in the soil were measured by
the particle gradation test, which was then compared with the
initial fine particle content. The fine particle content at each
location of the slopes at the end of the tests is shown in Fig. 8.
It can be seen that there is a large difference in the fine parti-
cle content at each location of the E1 slope. The loss of fine
particles was most severe at the top of the slope, with a re-
duction from an initial 39.63 % to 30.61 %. The loss of fine
particle content in the middle of the slope was then 7.42 %.
Concurrently, the fine particle content at the foot of the slope
increased by 8.53 % (Fig. 8a). This indicates that the interior
of the slope was undergoing a process of fine particle loss,
with the lost portion undergoing longitudinal migration and
eventual accumulation at the foot of the slope. The fine parti-
cle content of the E2 slope exhibited a 3.18 % decrease at the
top of the slope, a 1.16 % decrease at the middle of the slope,
and a 2.51 % increase at the foot of the slope (Fig. 8b). The
E2 slope has been observed to exhibit a substantial reduction
in fine particle loss in comparison to the E1 slope. The fine
particle content is nearly identical at all locations in the E3
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Figure 8. Fine particle content at different positions of slopes with
different tests. (a) E1 slope. (b) E2 slope. (¢) E3 slope.

slope (Fig. 8c). The movement of fine particles in soils of the
same type is primarily influenced by in-slope seepage (Wang
et al., 2024). It can be seen that seepage is most pronounced
on the E1 slope, with no observable seepage on the E3 slope.
The loss of fine particles destroys the soil structure, which
has a greater impact on slope stability. The gradual increase
in pore size between coarse particles within the slope will
in turn exacerbate the loss of fine particles, leading to a re-
duction in the strength of slopes and their susceptibility to
damage.

4.2 Rainfall infiltration process

The water content-time curves are presented in Fig. 10.
(1) For the EI slope, at test 57 min, the values of W1-2 and
W1-3 increased first, followed by W1-1, indicating that the
rainfall had infiltrated to the soil-rock interface and that the
water content of the soil near the interface began to increase.
Subsequently, the growth rate of W1-1, W1-2, and W1-3 val-
ues continued to increase. The values increased sharply and
peaked within 135-159 min. This indicates that the soil wa-
ter content at the soil-rock interface rises rapidly, and the
soil becomes saturated in a short period of time. The sensors
within the weathered layer did not begin to respond until test
267 min, and the rate of increase in W2-1, W2-2, and W2-3
values was consistently low. At the end of the test, the largest
increase in sensor value was only 3.38 %. This suggests that
rainfall has a minimal impact on the weathered layer. (2) For
the E2 slope, at test 54 min, the values of W1-3, W1-2, and
W1-1 commenced an incremental ascent in turn, signifying
that the rainfall infiltration had reached 10 cm depth at that
moment. At test 111 min, the W2-3 value began to increase,
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J. Chen et al.: Experimental study on granite-weathered crust landslides

867

(a)45- (b)45-

4f

—WI-1 —Ww2-1
— W12 — W22
40F —wi3 —w23

o)
[y
T
o)
[y
T

w
S
T
w
S
T

[N
[
T
[N
[
T

Water content (%)

[N}
S
T

Water content (%)

N
S
T

w
S
T

]
[
T

0 60 120 180 240 300 360 0 60 120

180 240 300 120 180 240 300

360 0 60 360
Time (min) Time (min) Time (min)
Figure 9. Water content—time curves. (a) E1 slope. (b) E2 slope. (¢) E3 slope.
()14 F —p11 —p21 1 OLAF i —p2ui i (M4 F—p1r —p21 | |
—P1-2 — P22 Failurems! | —P1-2 —P2-2 Deformation—! ! —P12 —P22 ! i
12F —p13 —p23 (336 min), 121 —p13 —p2-3 (29%4mim) 1/ 12 —p13 —p23 | |
= | = A = Deformation—»| I
Z10f I S0t /o 10 (204min) 1 i
> > / {1 > Defotmation—
2 e Dcfonﬁation—‘u I 1 f 1
%08 208 (306miin) 1 7038 (286 '
g g / ¢ g
o : o, /' =" |
506 e BO6F / ‘ 506
s ailure— S s
2 o E E:
204t G60min) 5 o4l o 204
S - i S
[ R L ~
02 02 77" Failurern 02
[ ) (309 min), I
0.0 ] 0.0 pee® ) 0.0 e s ST
0 60 120 180 240 300 360 0 60 120 180 240 300 360 0 60 120 180 240 300 360

Time (min)

Time (min)

Time (min)

Figure 10. Pore water pressure—time curves. (a) E1 slope. (b) E2 slope. (c) E3 slope.

followed by W2-2 and W2-1. This indicates that the rainfall
had infiltrated at the soil-rock interface. The values of W2-1,
W2-2, and W2-3 increased sharply, and their growth rate was
much higher than that of the sensors buried at the 10 cm depth
within the slope. The values of W1-1, W1-2, and W1-3 re-
mained stable after 285, 279, and 249 min, respectively. This
indicates that the soil at 20 cm depth had reached saturation.
At test 273 min, the W1-3 value showed a pronounced in-
crease, suggesting that the rate of soil water content increase
at the 10 cm depth at the foot of the slope was considerably
more rapid. This is due to the fact that rainwater continues to
collect at the slope toe under the influence of seepage within
the slope. As the rainfall continued, the soil water content at
the foot of the slope eventually became significantly higher
than that at the top and middle of the slope, reaching satu-
ration at test 291 min. (3) For the E3 slope, at test 60 min,
the infiltration of rainwater into the 10 cm depth resulted in a
sequential increase in the values of W1-1, W1-3, and W1-2.
At test 138 min, the W2-3 value began to increase, indicat-
ing that rainwater infiltrated to the 20 cm depth at the foot
of the slope. This was followed by a sequential increase in
the values of W2-1 and W2-2. At test 258 min, the W1-2
value showed a significant increasing trend, indicating a swift
rise in soil water content at 10 cm depth at the middle of the
slope. The reason for this phenomenon is that the crack at
the middle of the slope provides easy access for rainfall infil-
tration, and rainwater infiltrates rapidly in the form of crack-
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preferential flow. The peak values of W1-3, W1-1, and W1-2
were observed at 288, 303, and 321 min of the test, respec-
tively, indicating that the soil was nearly saturated at 10 cm
depth.

The response time of the water content at 10 cm depth was
similar for three slopes. This is due to the fact that at the
early stage of rainfall, rainwater mainly infiltrated vertically
into the shallow surface layer of the slope in the form of
homogenous flow. The rate of increase in water content at
10cm depth was significantly greater on the El slope than
on the E2 and E3 slopes. The phenomenon is attributed to
the infiltration of rainwater into the weathered layer, which
has a low permeability. Moisture is prevented from entering
the weathered layer due to the effect of capillary force (Wu
and Wang, 2025). Besides, the permeability coefficient of the
residual soil is an order of magnitude higher than that of the
completely weathered granite. It is very easy for violent hor-
izontal seepage to occur at the geotechnical interface with
large permeability differences (Wang et al., 2019). Conse-
quently, the rainwater infiltration rate at the soil-rock inter-
face is greatly reduced, resulting in the stagnant water phe-
nomenon. Rainwater tends to flow along the interface. The
above phenomenon has also been observed when the rain-
fall infiltrates to the 20 cm depth within the E2 slope. No-
tably, the rate of increase in water content was greater at
20 cm depth than at 10 cm depth, which is related to the na-
ture of the residual soil. The residual soil in the study area is
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Figure 11. Soil pressure—time curves. (a) E1 slope. (b) E2 slope. (¢) E3 slope.

weathered from monzonitic granite and contains significant
amounts of clay minerals. When saturated with water, clay
minerals tend to form a water film of a certain thickness on
their surface, thereby reducing the soil permeability (Ma et
al., 2025). The rate of rainfall infiltration on the slope will
be greatly reduced, resulting in a lower amount of infiltration
than discharge. Rainwater accumulates at the soil-rock in-
terface along the penetrating seepage channels, thus forming
a temporary water table. The water table gradually rises, and
the soil water content in the vicinity of the interface increases
at a faster rate than that of soil above the interface. Rain-
fall on the E3 slope continued to infiltrate downward, and
the growth range of sensor values buried at 20 cm depth was
slower than that at 10 cm depth. This shows that the rate of
water content growth at 20 cm depth was significantly slower
than that at 10 cm depth. It is because the transport of infil-
trating rainwater to greater depths is affected by the unsat-
urated permeability of the soil at the wetting front, where
the soil is still in the state of initial matrix suction and hin-
ders the vertical downward movement of water (Rahardjo et
al., 2005).

4.3 Pressure response

The pore water pressure—time curves are presented in Fig. 10.
In general, the pore water pressure change curves exhibit
a similar overall trend to the water content change curves.
This is due to the fact that the change in pore water pres-
sure is primarily influenced by the soil water content. Fur-
thermore, a partial asynchrony stage has been observed in
the changes in pore water pressure and water content, and
this has been attributed to the influence of soil deformation
on the change in pore water pressure (Iverson et al., 1997).
(1) For the E1 slope, the P1-1 value exhibited a slight decline
at test 261 min, followed by a rapid increase at test 273 min.
This phenomenon may be attributed to the loss of fine parti-
cles in soil at the top of the slope, which results in the hol-
lowing out of the soil skeleton, composed of coarse particles.
The reclosure of the pore subsequent to the collapse of the
skeleton resulted in a sudden increase in pore water pressure.
The P1-3 value continued to rise. This is due to the fact that
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Figure 12. Schematic diagram of E1 slope instability. (a) Rainfall
infiltration. (b) Runoff and seepage. (¢) Local failure. (d) Overall
failure.

the accumulation of fine particles at the foot of the slope re-
sults in pore obstruction, thereby impeding drainage at this
location. Consequently, the pore water pressure continues to
increase, resulting in damage failure at the foot of the slope.
(2) For the E2 slope, the P2-3 value decreased significantly
at test 273 min, preceding the deformation observed, indicat-
ing that significant deformation damage occurred at 20 cm
depth of the foot of the slope first. At test 294 min, the P1-3
decreased significantly, indicating that the crack has devel-
oped upwards to 10 cm depth of the foot of the slope. Subse-
quently, there is a sharp decrease in values of E1-3 and E2-3,
indicating that the foot of the slope is approaching instability.
(3) For the E3 slope, the P1-2 value continued to increase at
test 204 min, when the slope had deformed. This may be due
to the fact that granite residual soil in the area exhibits neg-
ative dilatancy (Chen et al., 2024). When shear damage oc-
curred on the slope, the pores within the soil became smaller
in size; therefore the pore water pressure continued to in-
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crease. At test 255 min, the P1-2 value began to decrease,
indicating deformation at 10 cm depth at the middle of the
slope. The P1-2 curve exhibited frequent fluctuations, with
the value first increasing and subsequently decreasing. This
is a sign of slow deformation. The creation of cracks within
the slope leads to a decrease in pore water pressure, which is
then restored by rainfall infiltration, a cycle that is repeated
repeatedly.

In this test, the soil pressure sensor probe was placed
perpendicular to the soil surface upward. This embedding
method can monitor the change in the sliding thrust of the
upper rock and soil mass (Nian et al., 2023). Rainfall in-
filtration increases the slope’s self-weight, leading to an in-
crease in the sliding thrust. Therefore, the soil pressure—time
curves show an overall increasing trend. (1) For the E1 slope,
the largest increase in the S1-3 value indicates that the land-
slide thrust increases the most at 10 cm depth at the foot of
the slope and that the slope is most vulnerable to damage at
that location. The S1-3 value continued to decrease after the
damage occurred, indicating that the deformation damage at
10cm depth at the foot of the slope still continued. (2) For
the E2 slope, the trend of the soil pressure curve responds to
the slope deformation and damage characteristics consistent
with the pore water pressure, which will not be repeated here.
Notably, the decrease in S2-3 value is greater than that of S1-
3, indicating that the sliding thrust at a depth of 20 cm at the
foot of the slope decreases more. This suggests that the de-
gree of deformation of the deeper soils at the foot of the slope
is greater than that of the shallower soils. (3) For the E3 slope,
the S1-2 value increased significantly at test 273 min. This is
due to the fact that water starts to fill in the crack, thereby
exerting a hydrostatic pressure on the slope that significantly
increases the sliding thrust. When the sliding thrust reaches
a certain magnitude, a landslide will occur.

5 Discussion

5.1 Formation mechanism

Based on the test results and analyses, the instability pro-
cess of these three types of slopes can be divided into several
stages, and these are shown in Figs. 12, 13, and 14.

5.1.1 E1 slope

Rainfall infiltration. At the beginning of rainfall, rainfall in-
filtration into the slope increases the soil water content. There
is no evident deformation damage, and surface runoff occurs
on the slope.

Runoff and seepage. As rainfall continues, the soil water
content of the residual layer gradually increases and reaches
saturation. Concurrently, the weathered layer impedes the
rainwater infiltration. At this point the rainfall infiltration ca-
pacity is reduced, and a proportion of the rainfall is converted
into surface runoff. Low-lying areas and gullies are generated
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Figure 13. Schematic diagram of E2 slope instability. (a) Rainfall
infiltration. (b) Stagnant water. (¢) Critical sliding. (d) Landslide
occurrence.

Figure 14. Schematic diagram of E3 slope instability. (a) Rainfall
infiltration. (b) Crack generation. (c) Critical sliding. (d) Landslide
occurrence.

by the erosion of surface runoff and splash erosion of rain-
fall. Erosion damage is most severe at the foot and middle
of the slope. Seepage occurs within the residual layer, with
the water flow creating seepage force within the soil. Gran-
ite residual soil is poorly graded and susceptible to suffosion
under seepage. Fine particles in the soil are transported with
the water flow and accumulate at the foot of the slope.
Localized failure. As fine particles continue to collect at
the foot of the slope, the pores in the soil are blocked. This
will make drainage at the foot of the slope difficult, and ex-
cess pore water pressure occurs at this location. The effective
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Figure 15. Comparison of Mibei landslide deformation with model
tests. (a) E1 slope. (b) E2 slope. (¢) E3 slope.

stress in the soil is lost, leading to a reduction in its resistance
to deformation and localized damage at the foot of the slope.

Overall failure. As the soil continues to be subjected to
suffosion, the fine particles in the soil are continuously lost.
It is difficult for the soil to maintain its structure, and in turn
the soil skeleton collapses. Soils with lost structure are prone
to disintegration under seepage. At this time, the support at
the foot of the slope has been lost, and the soil of the disinte-
gration moves downslope under water flow, showing a wide
range of flow-slip failure without an obvious sliding surface.

5.1.2 E2slope

Rainfall infiltration. At the beginning of rainfall, rainfall in-
filtration into the slope increases the soil water content. There
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is no evident deformation damage, and surface runoff occurs
on the slope.

Stagnant water. As rainfall continues, shallow soil water
content gradually increases and becomes saturated, and a sat-
urated zone occurs. When rainfall infiltrates into the soil-
rock interface, the underlying weathered layer has weak wa-
ter permeability, and a relatively impermeable layer is eas-
ily formed. Rainwater accumulates at the soil-rock interface,
forming a saturated zone. The diffusion rate of this saturated
zone is greater than that of the shallow surface layer. The soil
is softened at this location, thus forming a plane of weakness.

Critical sliding. Rainwater always flows towards the foot
of the slope under gravity, saturating the residual layer at this
location. Due to the large difference in permeability between
the residual layer and the weathered layer, strong seepage is
easily generated along the soil-rock interface. At this time,
the sliding mode of the slope is traction and drag, and de-
formation tends to occur first at the soil-rock interface. Con-
sidering the role of hydrodynamic pressure, the calculation
formula for the slope stability factor can be expressed as fol-
lows:

_t+ontang’
- Wsina+ f
_ c'/cos a+y sat Zy cos a tan ¢’

FS

ysat Zy, sin @ + pwg tan o

where « represents slope angle (°), Zy, represents satura-
tion zone depth (m), py, represents water density (kg m~3),
Ysat represents the water volumetric weight of saturated soil
(Nm™3), ¢’ represents cohesion of saturated soil (kPa), ¢’
represents the internal friction angle of saturated soil (°), and
g represents gravitational acceleration (ms~2).

Landslide occurrence. When the driving force is greater
than the resisting force, the slope generally occurs in a trans-
lational slide at the soil-rock interface.

5.1.3 E3slope

Rainfall infiltration. At the beginning of rainfall, rainfall in-
filtration into the slope increases the soil water content. There
is no evident deformation damage, and surface runoff occurs
on the slope.

Crack generation. As rainfall continues, shallow soil water
content gradually increases and becomes saturated, and a sat-
urated zone occurs. The increase in water content results in
a softening of the soil, thereby reducing its strength. Mean-
while, rainfall infiltration increases the driving force on the
slope, causing downward creep. Uneven distribution of soil
strength leads to crack generation.

Critical sliding. The crack provides easy access for rainfall
infiltration. The accumulation of rainwater within the crack
exerts a pressure on the slope, which contributes to the ex-
pansion of the cracks. When rainfall is sufficiently adequate,
the crack fills with water, creating hydrostatic pressure. At
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this time, the sliding mode of the slope is characterized by
the coexistence of traction and thrust. The source of force
that prompts the deformation and damage of the slope mainly
comes from the slope’s self-weight and hydrostatic pressure.
The calculation formula for the slope stability factor can be
expressed as follows:

FS = I¢'+(Wcosa—U — Psina)tang’

- Wsina+ Pcosa
_ lc’+(lysatchosa—ltanotwaW/sina—wa%,sina/Z)tamp’
- lysatZysina+ywZ2cosa/2

’

where o represents slope angle (°), / represents horizontal
projection of slope length (m), Zy, represents height of water
level in the crack (m), y, represents water volumetric weight
(Nm™3), Ysat represents water volumetric weight of saturated
soil (Nm™3), ¢’ represents cohesion of saturated soil (kPa),
and ¢’ represents internal friction angle of saturated soil (°).

Landslide occurrence. When the driving force is greater
than the resisting force, the slope occurs generally in a rota-
tional slide within the residual layer.

5.2 Comparison with actual landslides

This study was conducted based on model tests, and the
model materials utilized were collected in the field and are
considered to be remodeled samples. It should be noted that
the constructed slope model may differ somewhat from the
actual situation, which may result in limited practical usabil-
ity of the results of this research. Consequently, this study
investigated the correspondence between the actual resid-
ual layer thickness and landslides, as well as analyzing the
consistency between the findings and the model test results.
(1) For the E1 slope, the slopes show clear water flow signs.
The water content of the landslide accumulation mass is very
high, essentially saturated with water-emitting phenomena.
(2) For the E2 slope, the trailing edge of landslides has no
cracks other than the transverse tension cracks, which is be-
cause the slope deformation starts from a deeper layer. The
landslides generate steep free faces due to traction-stagger
deformation. (3) For the E3 slope, the number and distribu-
tion of tensile cracks at the trailing edge of the landslides are
large, which are formed during the downward deformation of
the slopes. It is evident that this test accurately replicates the
destabilization of granite-weathered crust slopes with differ-
ent residual layer thicknesses.

5.3 Limitation and prospect

The model tests conducted in this study were subject to the
following limitations. Firstly, the selection of the thickness
of the residual layer of the slope model was primarily based
on the assumption that the thickness of the residual layer ex-
erts an influence on the slope damage pattern. Consequently,
the residual layer thickness was not taken into account suf-
ficiently finely. Secondly, the rainfall design of the test was
based on actual rainfall scenarios and did not consider the
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impact of different rainfall characteristics on slope damage
patterns, such as the influence of rainfall intensity and rain-
fall duration. In the next phase of research, tests should be
designed to study slope failure patterns under the combined
effect of residual layer thickness and rainfall characteristics.
This will facilitate the wider application of the research find-
ings.

6 Conclusions

In this study, physical model tests were designed against
the background of clustered landslides in the village of
Mibei, Longchuan County, Guangdong Province, China. The
hydrological response and damage mechanism of granite-
weathered crust landslides with different thicknesses of the
residual layers were investigated. Three types of sensors
were used to monitor changes in water content, pore water
pressure, and sliding thrust at different locations on the slope.
The main conclusions are as follows.

Rainfall that infiltrates the soil-rock interface may stag-
nate due to the difference in permeability coefficients be-
tween the residual and weathered layers. Residual soil near
the soil-rock interface becomes saturated more rapidly and
is prone to seepage along the interface. The thinner the resid-
ual layer, the shorter the time for rainfall infiltration to reach
the soil-rock interface and the more pronounced the phe-
nomenon of water stagnation and seepage at the interface,
which in turn affects the mode and mechanism of slope fail-
ure. No evidence of seepage was observed within the slope
when the residual layer thickness was 30 cm. In the event of
short-term and high-density rainfall, the slope with a resid-
ual layer of 10cm was susceptible to severe suffosion, and
overall flow-slip damage occurred without an apparent slid-
ing surface. The slope with a residual layer of 20cm was
prone to traction sliding at the foot of the slope with sudden-
ness, where the sliding surface was at the soil-rock interface.
The slope with a residual layer of 30 cm tended to a thrust-
type slide at the middle of the slope, where the sliding sur-
face with a circular arc shape was within the residual layer,
and the damage process was gradual. The landslides are all
cases of shallow damage.
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