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Abstract: Fractures are the dominant conditions for rainfall infiltration into slopes, which can aggra-
vate the instability of landslides. However, few studies have been conducted to analyze in detail the
instability and deformation characteristics of creeping landslides with fractures. In view of this, this
study investigated a landslide in Fu’ao Village, Wencheng County, Zhejiang Province in China to
determine how fractures affect landslide deformation and instability during heavy rainfall through
an in situ simulation experiment. In the experiment, three consecutive days of rainfall were set
up based on Typhoon Megi in 2016, and two conditions were simulated, namely, rainfall + water
filling fractures and rainfall + filled fractures (also referred to as the first and second conditions,
respectively). The changes in the volumetric water content (VWC), pore water pressure (PWP), and
deep displacement of the landslide at a depth of less than 5 m under the two conditions were observed
using field monitoring instruments. The simulation results were as follows: (1) The volumetric water
content of the shallow soil showed a more sensitive time-varying response to rainfall, while that of
the soil at a depth of more than 200 cm showed a lagged response to rainfall, with a lag of about 10 h,
which decreased significantly in the case of the unfilled fractures; (2) Under the first condition, the
pore water pressure at different depths showed almost the same changing amplitude of 5 kPa or less.
Under the second condition, the pore water pressure increased significantly with depth during the
rainfall, with the changing amplitude reaching 30 kPa; (3) The displacement of the borehole equipped
with the inclinometers near the front of the slope was higher than that at the borehole equipped with
the inclinometers near the rear of the slope. The displacement under the first condition was up to 6
mm, which was significantly greater than that under the second condition. Therefore, fractures have
significant effects on the instability of landslides induced by typhoon-triggered rainstorms, and one
important measure to prevent and control this type of landslides is to fill fractures in the landslides
in time.
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1. Introduction

China is one of the countries in the world that experience the most frequent typhoons
and suffer the most severe destruction from typhoons [1,2]. The rainstorms triggered by
typhoons usually result in numerous secondary geological disasters, such as landslides and
mudslides, which cause severe property loss and casualties in local areas [3,4]. Therefore,
it is of great significance to study the instability characteristics and deformation failure
process of landslides during typhoon-triggered rainstorms.

Typhoon-triggered rainstorms are characterized by a short duration and high inten-
sity [5,6]. They mainly induce two types of landslides: sudden sliding and reactivated
creeping [7]. The landslides of the former type are mostly small-scale, shallow landslides
and tend to occur in clusters under heavy rainfall [8,9]. In contrast, reactivated creeping
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landslides generally occur on early unstable slopes [10], whose surfaces suffer tensile
damage under the influence of rainstorms. As a result, the stress inside the slopes is redis-
tributed, forming a new stable state of the slopes [11,12]. Reactivated creeping landslides
can cause large-scale disasters at a low frequency, especially after their fractures are filled.
Presently, most studies of landslides induced by typhoon-triggered rainstorms primarily
focus on shallow landslides, including their instability mechanism [4,13], field monitor-
ing [14,15], landslide inventory mapping [16], rainfall warning [17,18], stability simulation
and analysis [19,20], and temporal-spatial probability assessment [21,22]. However, few
studies have been conducted on the deformation, instability, and failure processes of creep-
ing landslides under typhoon-triggered rainstorms. Based on the detailed investigation of
a catastrophic landslide in Taiwan caused by Typhoon Morakot, Tsou et al. concluded that
the fundamental factors for the occurrence of the landslide included structures, weathering,
and gravitational slope deformation [23]. By using a high-resolution digital elevation model
(DEM), Chigira et al. (2013) analyzed the topographic features and geological structures
prior to the destabilization of a large-scale, deep landslide in Japan caused by Typhoon
Talas [11]. Using an experimental site for in situ landslide monitoring, Guo et al. studied the
migration patterns of the rainfall infiltration-induced wetting front of slopes with different
geological and topographical conditions [24]. However, the above studies do not involve
fractured landslides, where fractures significantly affect the seepage condition of slopes
during heavy rainfall and, thus, cannot be ignored.

Mathematical analysis, numerical simulation, and physical model tests are currently
used to investigate the deformation and instability of landslides caused by typhoon-
triggered rainstorms [14]. For example, Liu et al. proposed a water—air two-phase flow
model to simulate the rainfall infiltration process on a soil slope, and conducted a field ex-
periment to realistically test the model [25].Hsu et al. simulated and analyzed the instability
of a typhoon-induced shallow landslide in Taiwan using a two-dimensional numerical
model [26]. Chen et al., Kim et al., and Wang et al. explored the seepage and deformation
failure patterns of rainstorm-induced landslides through physical model tests [27-29]. In
addition, some researchers proposed different infiltration models for heavy rainfall to ex-
plain the slope failure mechanism due to typhoon-triggered rainstorms [30,31]. Compared
with the above methods, in situ field simulation experiments have high pertinence and data
reliability and differ slightly from the actual geological conditions of slopes. For example,
Gvirtzman et al. performed field experiments on two large-scale landslides to track water
flow through unsaturated stratified loess deposits [32]. Similarly, Tu et al. and Chen et al.
conducted a series of artificial rainfall experiments on loess slopes to investigate the surface
infiltration process in unsaturated soiland the response of loess landslides to rainfall [33,34].
Zhou et al. tested the effect of rainfall on the stability of accumulation slopes using an in situ
monitoring test [35]. However, it could be found that most similar studies were conducted
for loess or accumulation slopes, and few of them focused on typhoon rainstorm-triggered
landslides. Based on the above analysis, this study conducted an in situ field experiment
on a typical creeping landslide with fractures in Wencheng County, Wenzhou City. We
analyzed the internal dynamic mechanism of the slope before and after its fractures were
filled by simulating the different conditions of typhoon-triggered rainstorms. The purpose
of this study was to provide scientific guidance and suggestions for the prevention and
control of creeping landslides with fractures.

2. Overview of the Study Area and the Landslide

The study area is located in Wencheng County, Wenzhou City, Zhejiang Province. It
lies in the southern mountainous area of Zhejiang Province, with geographical coordinates
of 119°46/-120°15' E and 27°34/-27°59’ N and a total area of 1292.2 km?. The study area
inclines from northwest to southeast and is dominated by mountains and hills. Wencheng
County has a subtropical monsoon climate and four distinct seasons. This county has
an average annual precipitation of about 1800 mm, with the rainfall concentrated in the
summer. Owing to its location on the coast in East China, the study area is struck by
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typhoons almost every summer. As a result, a series of heavy rainfall events lead to
numerous geological disasters. For instance, in 2015-2016, Zhejiang Province was struck by
three severe typhoons that caused the most unprecedented rainfall events in a century. As
a result, thousands of geological disasters occurred in regions such as Fujian and Zhejiang
Provinces, resulting in dozens of deaths and economic losses of hundreds of millions of
yuan [36,37].

In this study, a landslide in Fu’ao Village was selected as the in situ experimental site.
This landslide is located at the junction of the national highway G322 in Fu’ao Village,
Huangtan Town, Wencheng County, with a length of about 30 m, a width of 25 m, elevations
of 338 m at the rear and 322 m in the front, and a manually cut free surface with a length
of about 5 m. The overall topography of the landslide is gentle in the upper part and
steep in the lower part, presenting a significantly negative topography. The strata where
the landslide is located are composed mainly of gravel-bearing tuffs of the Cretaceous
Chaochuan Formation, in which gravels with a diameter of 3-30 mm and a content of
50% or more are found. The strata are covered by a layer of elluvium—proluvium with
a thickness of about 3 m. The completely-highly weathered layers of the strata have a
thickness of about 10 m. No groundwater flows out of the toe of the landslide, and the
groundwater burial depth is greater than 5 m. The whole slope is nearly bare, and little
vegetation (shrubs) can be observed only at the crown of the landslide, with a height of
approximately 4-5 m. A significant fracture with a width of 10-30 cm occurs at the rear
of the landslide, which was therefore selected as the rainfall experiment site in this study
(Figure 1).

landslide boundary

Figure 1. Location of the study area and the overall characteristics of the landslide in Fu’ao Village:
(a) Digital elevation model (DEM) of Wencheng County, Wenzhou City; (b) Photo of the landslide in
Fu’ao Village; (c) Photo of the experimental site; (d) Fracture at the rear of the landslide.

3. Setting and Process for the In Situ Landslide Field Experiment
3.1. General Layout of the Experimental Site

The experimental site for the landslide had a size of 4 x 4.5 m. It was surrounded by
iron sheets with a burial depth of 80 cm on both sides as barriers (Figure 2a). A drainage
ditch with a width of 20 cm and a depth of 10 cm was dug in the front and on the right
side of the site. A catchment pool with a size of 2 X 2 x 1 m was dug in the front part of
the site. The bottom and side walls of the drainage ditches and the catchment pool were
plastered with cement. During the rainfall, all of the surface runoff was directed into the
catchment pool through the drainage ditches (Figure 2b). Two boreholes were drilled in
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the front and middle parts of the experimental site, and inclinometers were buried and
fixed at different depths after the PVC pipes were placed into the boreholes. Another two
boreholes were drilled on the left and right sides of the site to bury the pore pressure cells
and soil hygrometers, respectively (Figure 2c).

>
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inclinometer §#¥
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Figure 2. Layout of the experimental site of the landslide: (a) Iron sheets set on the site as boundaries;
(b) Drainage and storage pool; (c) Rainfall area of the experimental site.

The installation of individual sensors was as follows: (i) The permeable pipe was
installed into the borehole to place the sensors. (ii) The permeable stone at the bottom of the
sensors was taken out and the sensors were placed into water for at least 24 h to exhaust
the air. (iii) The water inlet of the sensors was wrapped with saturated gauze net in the
water to make sure the sensors would not be blocked by silt during the measurement. (iv)
The sensors were then placed into the pipe at different depths, and the soil was backfilled
into the borehole. During this process, the cables connected with every single sensor were
linked to the data collection system on the ground surface. (v) The sensitivity of the pipe
and sensors were test by filling water into the borehole without rainfall. If the water table
in the borehole decreased to the original condition or did not increase much, the sensitivity
was considered as suitable. (vi) The mouth of the borehole was blocked with waterproof
materials, and the installation was finished. In addition, the site was equipped with an
artificial rainfall simulator, water, electricity, data collection instruments, and computers.
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3.2. Field Monitoring Instruments and the Data Collection System

In this study, an automated data monitoring and collection system was used to pri-
marily analyze three physical and mechanical indices, namely, volumetric water content,
pore water pressure, and displacement. The purpose was to reveal the dynamic changes
in the seepage and mechanical fields of the landslide during heavy rainfall. The specific
information on the experimental instruments used in this study is shown in Table 1. An au-
tomated artificial rainfall simulation system (Figure 3a) was adopted for rainfall simulation
and monitoring. The system was composed of a host controller, water tanks, water supply
pipelines, water pumps, rainfall sprinklers, and metal supports. The host controller (Fig-
ure 3b) enabled artificial control over rainfall intensity and duration. To ensure sufficient
water supply during the experiment, four domestic water tanks (Figure 3c) were installed
on site, capable of storing 5.5 tons of water in total. Rotary down-spray sprinklers were
employed in the experiment. They were small, medium, and large sprinklers, with nozzle
diameters of 9 mm, 11 mm, and 13 mm, respectively.

Table 1. Instruments used in the experiment.

Instrument Source Type Quantity MeaI:‘lir:inent Unit Resolution  Accuracy
Portable automated Xinhuize Co.,
artificial rainfall Ltd., XBJ-JY201 1 Rainfall mm 0.01 mm 0.1 mm
simulation system Xi’an, China
Maihuang Co.,
Soil moisture sensor Ltd., MH-SFC 7 Volumetric % 0.1% +0.5%
Hangzhou, water content
China
. . . Dedu Co., Ltd., o
Vibrating wire pressure Changzhou, VP500 4 Pore water KPa 0.1 kPa +0.01% of
cell for pore water 2 pressure range
China
Mlcromaghms&d-sﬂlcon ]1ta%'C0., Ltfi., MI600 1 ' Deep mm 0.01 mm 4+0.1% of
in-place inclinometer Nanjing, China displacement range

sprinkler

Figure 3. Automatic artificial rainfall simulation system: (a) General layout; (b) Control system;
(c) Water tanks.

To reveal the patterns of changes in the physical indices inside the landslide affected
by rainfall infiltration, the monitoring instruments were buried at different depths perpen-
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dicular to the ground, with a maximum burial depth of 5 m. As shown in Figure 4a, an
inclinometer casing was individually buried in the front and middle parts of the site. Six
inclinometers were installed at burial depths of 40 cm, 100 cm, 200 cm, 300 cm, 400 cm,
and 500 cm in the inclinometer casing buried in the front, while five inclinometers were
installed at burial depths of 40 cm, 100 cm, 200 cm, 300 cm, and 400 cm in the inclinometer
casing buried in the middle part. Four pressure cells for pore water and seven sensors for
volumetric water content (VWC) were buried on the left and right sides of the site, respec-
tively. The pore water pressure (PWP) cells had burial depths of 40 cm, 100 cm, 200 cm, and
300 cm, and the sensors for volumetric water content had burial depths of 10 cm, 30 cm,
50 cm, 75 cm, 125 cm, 200 cm, and 300 cm. Automatic data collection was adopted for each
instrument, and the collected data were gathered in the instrument terminals (Figure 4b)
for analysis.

G L e e E i~ 10cm
o | i ' : I 30em |
=g 1m ! VWC : | 40cm I~ 50cm
EI Sy @®-———4-- | D 75cm ~-
o T 1 1 | 100cm ]
S 1im linclinometer#2 ! | 0 [y 125em
=1 T[T YT
g.qlm ! gchno etpr#1 ! ZUET 1200em
=llm | 1 1 I 300cm  {300cm
I 1 I I .
5 === TSP pore water sensors for volumetric
& ! : pressure cell water content
\I
40cm U
100cm U
200cm U
300cm U
o
inclinometer#2

inclinometer#1

Figure 4. (a) Plan and profile setting of the sensors; (b) Controlling system of the sensors.

3.3. Rainfall Simulation Conditions

In recent years, the study area has been struck by many heavy rainfall events triggered
by typhoons. The rainfall conditions were set up based on Typhoon Megi occurring during
the rainy season in 2016. To investigate the influence of fractures on landslide deformation
and instability, two rainfall conditions were set up in this study. The first condition was used
to simulate the instability of the natural slope with filled fractures. The second condition
was used to simulate the situation where fractures were filled with surface runoff (unfilled
fractures) combined with typhoon-triggered rainfall. The rainfall model was set as follows
(Figure 5): on the first day, the rainfall was 60 mm, with an intensity of 15 mm/h and a
duration of 4 h; on the second day, the rainfall was 320 mm, with an intensity of up to 80
mm/h and a duration of 12 h; on the third day, the rainfall was 120 mm, with an intensity
of 20 mm/h and a duration of 6 h. Therefore, the cumulative amount of precipitation was
500 mm. According to the measured value during the typhoon provided by the China
Geological Survey, the landslide in Fu’ao Village had a rainfall amount of 497 mm (Figure 5),
which was roughly consistent with the second condition set up in this study.
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Figure 5. Rainfall simulation condition in this experiment.

4. Results

Q% ¥

4.1. Time-Varying Response Characteristics of Volumetric Water Content

Figure 6 shows the changes in the volumetric water content at different depths under the
first condition. The initial volumetric water content of the landslide at different depths was
412% (h =10 cm), 23.4% (h = 30 cm), 37.8% (h = 50 cm), 22.3% (h = 75 cm), 24.5% (h = 125 cm),
17.5% (h = 200 cm), and 10.3% (h = 300 cm), as shown in the field experiment results:
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Figure 6. Time-varying curves of volumetric water content under the first condition.
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The volumetric water content of the soil at a depth of 10-75 cm responded rapidly to
the change in rainfall. It increased rapidly 0.5-1.5 h after the start of the rainfall, increasing
from 41.2% to 49.8% at a depth of 10 cm, from 23.4% to 37.1% at a depth of 30 cm, from 37.8%
to 50% at a depth of 50 cm, and from 22.3% to 40.6% at a depth of 75 cm. Subsequently, the
volumetric water content of the soil decreased slightly while fluctuating and was finally
stable at 33-35% or 43-45%.

Compared with that of the shallow soil, the volumetric water content of the soil at a
depth of 125 cm was subject to more significant fluctuations. The volumetric water content
at this depth increased rapidly from 24.5% to over 50% 2 h after the start of the first rainfall,
and then decreased rapidly to about 27% 7 h after the first rainfall. It increased rapidly 5 h
after the start of the second rainfall and began to decrease 1 h before the third rainfall. At
the end of the third rainfall, it decreased to a minimum of 29.2%. The volumetric water
content then increased again 2 h after the third rainfall, reached a maximum value of 35.3%
7 h after the third rainfall, and began to decrease slowly afterward. These results indicated
that the volumetric water content of the soil at a depth of 125 cm exhibited a response lag to
the rainfall infiltration, with the lag becoming increasingly long with the superposition of
the rainfall events. This response lag was consistent with the results of a previous study [20].
The response lag of the volumetric water content to rainfall gradually increased with an
increase in the soil depth. For the soil at a depth of 200 cm, its volumetric water content
remained unchanged during the first rainfall and began to increase from 18.2% to 29.5%
10 h after the start of the experiment. For the soil at a depth of 300 cm, its volumetric water
content did not vary significantly during the first rainfall and began to significantly increase
25 h after the start of the experiment (i.e., 7 h after the start of the second rainfall) with a
small increase in amplitude from 10.6% to 20.8%, followed by low-amplitude changes.

Therefore, the landslide with the filled fractures (equivalent to the landslide without
fractures) can be divided into three zones in the vertical direction according to the charac-
teristics of the time-varying response of the volumetric water content to rainfall. The first
zone had a depth of less than 75 cm, and its volumetric water content responded rapidly
to the rainfall infiltration and increased rapidly. The second zone had a depth of about
125 cm. Its volumetric water content showed a slightly lagged response to the rainfall while
fluctuating significantly and decreasing significantly after the rainfall. The third zone had a
depth of more than 200 cm. Its volumetric water content showed a lagged response to the
rainfall, with a lag of 10 h and above, and did not decrease significantly after increasing.

Figure 7 shows the changes in the volumetric water content of the soil at different
depths under the second condition. For the soil at a depth of 10-50 cm, its volumetric
water content was generally stable during the experiment, without showing significant
fluctuations. This result indicated that the water filling the fracture at the rear had a slight
effect on the soil at this depth. For the soil at a depth of 75-200 c¢m, its volumetric water
content increased rapidly 2-3 h after the start of the first rainfall and fracture waterflooding
and decreased rapidly to the original level after the first rainfall. The volumetric water
content 0.5-3 h after the start of the second rainfall and water filling the fracture with water
exhibited a response similar to that 2-3 h after the start of the first rainfall and water filling
the fracture, followed by slight fluctuations. For the soil at a depth of 300 cm, more than
50% of its volumetric water content was retained after the second rainfall. These results
indicated that the second condition had the most significant effect on the volumetric water
content of the soil at a depth of 300 cm.

From the comparison of the above two experimental conditions, it could be concluded
that the fracture near the rear of the landslide provided dominant seepage conditions for
heavy rainfall. Therefore, in the case of unfilled fractures, the volumetric water content
of the shallow soil exhibited a slight response to the rainfall, while that of the deep soil
showed a response with a much shorter lag. In particular, at the end of the experiment,
the soil at a depth of 200-300 cm had the maximum volumetric water content. This result
indicated that water filling the fracture had severe effects on the soil at a depth of more
than 200 cm, which might lead to deep sliding in the landslide in Fu’ao Village.
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Figure 7. Time-varying curves of the volumetric water content under the second condition.

4.2. Time-Varying Response Characteristics of Pore Water Pressure

Figure 8 shows the changes in the pore water pressure monitored at depths of 40
cm, 200 cm, and 300 cm under the first condition. With an initial value of 0 kPa, the pore
water pressure increased rapidly at different depths after the start of rainfall. The overall
increased amplitude was inversely proportional to the depth. Specifically, the pore water
pressure fluctuated within 5 kPa at a depth of 40 cm but fluctuated in a range of 0-3.5 kPa
and 0-3 kPa, respectively, at depths of 200 cm and 300 cm. Moreover, the pore water
pressure at different depths did not decrease significantly during the intervals between two
adjacent rainfall events.

Figure 9 shows the changes in the pore water pressure monitored at depths of 100 cm,
200 cm, and 300 cm under the second condition, indicating significant differences from
the first condition. First, the pore water pressure varied more significantly, reaching 12
kPa, nearly 20 kPa, and nearly 30 kPa for the soil at depths of 100 cm, 200 cm, and 300 cm,
respectively. The responses were all quick, which was clear evidence for rapid infiltration
into the soil. However, it should be noticed that this did not cause constantly wet soil
conditions, because the pore water pressure dissipated more quickly and decreased rapidly
during the intervals between two adjacent rainfall events. Especially for the sensor buried
100 cm below the ground surface, it reached 12 kPa during the first rainfall but a smaller
PWP during the next two events (Figure 9a). This meant that the rapid drainage occurred
at this depth after the first rainfall, and the second and third rainfall did not result in the
same soil wetness conditions. This observed result was similar to that in Chen et al. [34].
Overall, compared with the first condition, the pore water pressure of the deep soil was
more sensitive to rainfall under the second condition. Therefore, it could be concluded that
the pore water pressure of the soil at a certain depth increased at a higher rate than that of
the shallow soil for fractured landslides during rainstorms.
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Figure 8. Time-varying curves of pore water pressure (PWP) at different depths under the first

condition: (a) 40 cm, (b) 200 cm, and (c) 300 cm.
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Figure 9. Time-varying curves of pore water pressure at different depths under the second condition:
(a) 100 cm, (b) 200 cm, and (c) 300 cm.
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4.3. Time-Varying Response Characteristics of Displacement

With the infiltration of rainfall, various parts of the landslide began to shift. Figure 10

shows the time-varying displacement curves of different positions in the two inclinometer
casings under the first condition, indicating the following patterns of the changes in
the displacement:

@

@)

®)

The displacement at different depths increased significantly during each rainfall but
stagnated or decreased after the rainfall. This result indicated that the displacement
was sensitive to rainfall. In addition, the displacement was roughly inversely pro-
portional to the depth, i.e., it gradually decreased from the shallow parts to the deep
parts in the vertical direction. For instance, the maximum displacement at different
depths in the No. 1 borehole equipped with inclinometers was 0.71 mm (40 cm), 0.55
mm (100 ¢cm), 0.30 mm (200 cm), 0.17 mm (300 cm), 0.03 mm (400 cm), and 0.02 mm
(500 cm) during the second rainfall. In addition, the positions at depths of 300-500 cm
in both boreholes equipped with inclinometers had small cumulative displacement,
indicating that the effective influence range of the first condition was roughly the
zone with a depth of less than 300 cm.

Compared to the No. 1 borehole equipped with inclinometers, both the No. 2 borehole
equipped with inclinometers near the rear of the landslide and the position at the same
depth in the No. 2 borehole equipped with inclinometers showed larger cumulative
displacement. This indicated that the landslide in Fu’ao Village was more prone to
failure in which displacement first occurred near the rear of the landslide and then
gradually to the front of the landslide during typhoon-triggered rainstorms.
According to the comparison of different rainfall periods, the No. 1 borehole equipped
with inclinometers responded to different rainfall events, with the displacement
increasing to different degrees; the No. 2 borehole equipped with inclinometers
responded only to the former two rainfall events but showed small changes in the
amplitude of the displacement during the last rainfall.

As shown in Figure 11, the time-varying curves of displacement in the inclinometer

casings presented different characteristics under the second condition:

@

@)

®)

The cumulative displacement increased significantly. The maximum cumulative
displacement of the No. 1 borehole equipped with inclinometers at different depths
was 3.03 mm (40 cm), 2.79 mm (100 cm), 2.56 mm (200 cm), 2.49 mm (300 cm), 1.78 mm
(400 cm), and 2.56 mm (500 cm), and that of the No. 2 borehole equipped with
inclinometers was 5.82 mm (40 cm), 2.15 mm (100 cm), 1.40 mm (200 cm), 1.20 mm
(300 cm), and 0.25 mm (400 cm). They were all significantly larger than those of the first
condition. Moreover, the second condition also presented a larger increased amplitude
of cumulative displacement. These results indicated that the second condition was
more likely to cause deep deformation of the landslide.

For the positions at a depth of 400 cm and above, the cumulative displacement under
the second condition was greater than that under the first condition. This result
indicated that the presence of fractures would cause the affected parts within the
landslide to shift downward in a wide range and possibly cause deep parts to slide.
This occurred also because the fracture provided dominant seepage pathways. As a
result, rainfall could reach the interior of the landslide more quickly than the surface
infiltration of rainfall.

It was interesting that the displacement values decreased after the rainfall ended in
both conditions. The reason might come from two aspects: One is that the inclinometer
in the borehole measured the deformation along the sliding direction of the slope.
There was potentially a movement in another direction, reducing the displacement. In
this condition, the slope was indeed moving but the direction was not the same as the
initial one. Similar results were also observed in some other studies [34], which could
lead us to conclude that even in the same profile or the same single point, the trend
of displacement probably changes. Another reason is that the pore water pressure
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might dissipate rapidly due to shear-induced dilation behavior, which subsequently
led to the soil regaining strength [38]. Regardless of the reason, movement in the
opposite direction of the predisposed landslide movement after the rainfall stops is
questionable. Hence, it is important to mention and critically assess this phenomenon
rather than avoiding it.
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Figure 10. Displacement curves of different parts of the slope under the first condition: (a) No. 1

borehole equipped with inclinometers, (b) No. 2 borehole equipped with inclinometers.
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Figure 11. Displacement curves indifferent parts of the landslide under the second condition: (a) No.
1 borehole equipped with inclinometers, (b) No. 2 borehole equipped with inclinometers.

5. Discussion

Two major topics are discussed in this section. First, the spatial scale of the current
study is compared with other studies, and second, the uncertainties that are associated
with the results are clarified.

The present study focuses on a single landslide in a specific location (Zhejiang Province
in China), so the outcomes from the test only make sense when they come to the slope
scale. However, it should be noted that the in situ monitoring and test are still the closest
way to model the realistic condition of the slope. This has been confirmed by some other
studies, for example Tu et al. [33] and Chen et al. [34]. Some other methods to investigate
rainfall infiltration in the soil layer exist, including physical model test. However, this kind
of study is commonly based on the similarity principle, which means a specific slope with
a certain of geometry is still necessary. For example, Prodan et al. utilized a physical model
to evaluate the failure process in a landslide triggered by artificial rainfall, and a model
platform with a length of 2.3 m, a width of 1.0, and a depth of 0.5m was designed [39].
Wang et al. designed a physical model by taking the Dahua landslide in Yunnan Province of
China as an example, to study the deformation and failure mechanism of deposit landslides
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under a rainfall gradient [29]. Compared to these studies, we believe that the in situ test can
provide some general insights that are related to all slopes. However, the rainfall scenario
and geological conditions in this study are specific, only associated with a single typhoon
event, and thus we have to admit that this aspect may limit the generalizability of the
findings to other sites or other types of landslides.

The uncertainties regarding the potential sources of error or bias in the data are
mainly related to one of the following aspects: (i) the limited duration of the experiment;
(ii) the lack of consideration for the effect of vegetation on the slope stability; and (iii) the
spatial heterogeneity of soil layer. Regarding the first aspect, three rainfall events were
set during a three-day period, which fit with the accumulated rainfall triggered by a real
historical typhoon event in the study area. In fact, the rainfall data record shows that
typhoon events in the area normally last two to three days [22,24]; thus, the outcomes
from the current observations mainly revealed the infiltration characteristics related to
heavy rainfall. However, the antecedent recharge from general rainfall conditions has
also been proven relevant to slope failure [40], which was not taken into account in this
study. The second aspect is associated with the important role of tree roots in stabilizing
slopes and consolidating the soil, which is mainly because roots can contribute to the
total cohesion of the soil layer. In fact, some techniques have been proposed to quantify
the effect of vegetation cover on slope stability, including the artificial root model in the
laboratory [41], physically based model [42], and field monitoring [43]. However, there is
no agreement on the specific effect of vegetation in the science community, which can be
an essential factor to consider in our future work. It should also be noted that the results
of hydrologic-mechanical time-varying characteristics are affected by the location of the
sensors. Therefore, it would be better to set more monitoring profiles to include the spatial
heterogeneity of the soil parameters. However, this was not possible in this study due to
the economic cost, which was another potential source of uncertainty.

6. Conclusions

Based on an in situ experiment, this study monitored and analyzed in detail the
dynamic characteristics of the soil parameters of a landslide triggered by the typhoon
rainstorm in Fu’ao Village, Zhejiang Province (SE China). When water filled the fracture
(the first condition), the volumetric water content (VMC) of the soil responded rapidly
to the rainfall at a depth of less than 125 cm, with an increased amplitude of at least 10%
within 1 h after the rainfall. However, the VMC showed a lagged response to the rainfall at
a depth of more than 200 cm, with a lag of 10-30 h. When the fracture was filled (the second
condition),the VMC of the soil varied slightly at a depth of less than 75 cm, fluctuated
significantly at a depth of more than 125 cm, and reached its maximum at a depth of 300
cm. The pore water pressure (PWP) was sensitive to rainfall. Under the first condition, the
changing amplitude of the pore water pressure at different depths was almost the same
and did not exceed 5 kPa. Under the second condition, the pore water pressure increased
significantly with an increase in the depth during the rainfall, with the changing amplitude
reaching a maximum of 30 kPa. Regarding the slope deformation, the internal displacement
of the landslide decreased roughly with an increase in the depth during heavy rainfall. The
displacement in the borehole equipped with inclinometers near the front of the landslide
was higher than that in the borehole near the rear of the landslide. The displacement under
the second condition was significantly higher than that under the first condition, and they
had a maximum displacement of 6 mm and 1 mm, respectively.

Overall, the current findings revealed the significant effect of fractures on the stability
of the landslide during heavy rainfall. On the one hand, the VWC and PWP of the deep soil
became more sensitive to rainfall because the fracture on the slope provided a dominant
seepage pathway for rainfall infiltration. On the other hand, the front and middle parts of
the landslide with the fracture filled by water showed significantly increased displacement.
Therefore, one important measure to prevent and control fractured landslides is to fill
fractures in the landslides.
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