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Abstract: The problems of gully and soil erosion caused by large-scale urban construction and
agricultural development in China have become more and more serious in recent years. In an effort to
solve this problem, a series of gully stabilization and highland protection projects have been carried
out on the Loess Plateau, and this has resulted in a large number of high-loess-filled-slopes (HLFSs).
Although these filled slopes uses several different mitigation measures, the HLFSs have been eroded
and destroyed under the action of water. In order to study the influence of different mitigation
measures on the stability of HLFSs and their failure process, this paper uses a flume test of the effects
of various mitigation measures on this failure process. The results show that: (1) the failure processes
of slopes with different mitigation measures are obviously different. Slope deformation u with a
declining gradient mitigation mainly occurs on the surface of the slope body, and although slope
erosion is quite serious, the slope does not fail as a whole. Slopes with a stepwise drainage channel
mitigation show little erosion, but material can easily slide along the horizontal drainage channels.
(2) The slope deformation process is correlated with changes in pore-water pressure. When local
instability occurs, there is always a pre-process of continuously rising pore-water pressure. When
a failure occurs, the pore-water pressure of the soil at each position of the slope body suddenly
fluctuates under instantaneous excitation. (3) The response of soil pore pressure and the development
characteristics of tension cracks affect the deformation of the slopes, which is also the cause of the
differences slope instability caused by different mitigation measures. These research results provide
reference for the protection of HLFS engineering projects from heavy rains.

Keywords: loess; high filled slope; failure process; mitigation measures; experimental

1. Introduction

Loess soil covers about 10% of the Earth’s land surface [1,2], and it covers the north-
eastern, northwestern, and middle of the Yellow River regions in China. The total area
of loess in China is estimated to be as much as 630,000 km2, accounting for 6.63% of the
total land area [2]. Loess soil supports one sixth of the Chinese population and constitutes
one fifth of China’s arable land area, with over 700 important towns and cities distributed
within loess soil [3,4]. However, the loose structure of loess, the presence of numerous
gullies on the surface of loess soil, and frequent rainstorms that cause severe erosion, make
the region prone to frequent geohazards that pose a serious threat to engineering activities
and the population in general [5–8]. Loess areas are densely covered with hills and gullies,
and the surface has a fragmented terrain [9,10]. Therefore, many towns located in the Loess
Plateau are constrained by limited space and geohazards, making further development
difficult [11]. In recent years, various major projects have been carried out in the Loess
Plateau to accelerate urbanization and improve the standards of living of residents [12–14],
making it more critical than ever to understand how loess soil behaves under various
engineering attempts to mitigate inevitable water erosion.
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For example, in order to mitigate the issue of erosion in the loess tableland area in
Qingyang City, Gansu Province, a major project called “Gully Stabilization and Table-
land Protection” was carried out; the project that involved the burial of 14,035 gullies in
42 large tablelands within the city area. In Yan’an City, Shaanxi Province, and Lanzhou
City, Gansu Province, the “Plain-to-Mountain Urban Construction” project was launched
to accelerate urbanization and expand the scale of urban areas [10,12–14]. During the
implementation of these projects, many high slopes were inevitably generated due to
excavation and filling operations [10,12,13]. Consequently, these projects have resulted in
various mitigation measures [15]. Although some slopes have merely been leveled without
any protection, others have undergone drainage treatment. Nevertheless, the stability of
such slopes remains uncertain, and the effectiveness of slope protection measures warrants
evaluation. On-site field investigations have revealed severe erosion and damage to some
slopes which with different protective measures (Figure 1). Hence, it is critical to study the
stability of HLFSs under different protective measures, especially during rainfall. Accurate
descriptions of the modes and mechanisms of slope instability, along with implementing
corresponding geohazard prevention and mitigation measures, hold significant reference
value for engineers [12,15].
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Figure 1. Erosion due to precipitation in the Gully Stabilization and Highland Protection projects
((a) collapse in the toe of the slope which with a stepwise drainage channel mitigation; (b) collapse
on the slope which with a stepwise drainage channel mitigation; (c) erosion along the slope surface
which with a declining gradient mitigation).

Extreme or prolonged periods of rainfall are the primary triggers of geohazards such as
landslides and debris flows [11,16–18]. The rainfall and water infiltration process increases
the moisture content of the soil, thereby reducing the soil’s matrix suction and shear
strength, ultimately leading to slope instability and deformation [19,20]. In the China’s
Loess Plateau, the unique loess landforms and the frequent occurrence of extreme rainfall
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events have led to equally frequent geohazards [3,21–23]. Moreover, water infiltration is
also a leading cause of slope instability and destruction in various engineering projects, as
exemplified by reported cases such as the Guangming New District landslide in Shenzhen,
the Lvliang Airport landslide, and the Bai Lu Yuan Baqiao landslide in Xi’an [24–27].

Indoor physical modeling experiments are commonly used for studying slope stability
process and mechanism as they provide several advantages. One such advantage is the abil-
ity to create homogeneous soil slopes and control experimental conditions, ensuring that
the results are not influenced by unknown factors [28–30]. Additionally, devices such as
sensors can be utilized to monitor changes in micro-parameters during the simulation pro-
cess [31]. Many researchers have conducted numerous studies on slope stability, instability,
and failure processes using this method [32,33]. For example, Wu et al. [34] investigated the
occurrence patterns and mechanisms of shallow landslides in loess under continuous heavy
rainfall and intermittent heavy rainfall conditions through multiple sets of experimental
comparisons. Likewise, Lin et al. [35] analyzed the influence of rainfall characteristics on
the instability process of soil slopes by establishing a model under both low (40 mm/h) and
high intensity (80 mm/h) rainfall conditions, and provided recommendations for selecting
rainfall warning benchmark parameters. Furthermore, Rolando et al. [36] examined the
instability process of slopes under sidewall seepage conditions and analyzed the slope
instability mechanism using sensor data. Ten physical modeling experiments were also
carried out to investigate the similarities and differences in slope instability and failure
modes under various rainfall intensities ranging from low (18 mm/h) to high (63.5 mm/h)
by Ahmadi-Adli et al. [37], and scholars have also replicated the initiation process of
landslides, debris flows, and other geohazards by setting specific experimental conditions
indoors [36]. For example, Hu et al. [38,39] reproduced the process of debris flow disasters
caused by runoff in the Wenchuan earthquake zone through indoor modeling experiments
and analyzed the initiating mechanism. Moreover, some scholars have studied the influence
of specific factors on slope stability through comparative experiments, including soil initial
moisture content [40], soil particle size distribution [39,41], and fine particle content [41].

This study is focused on the HLFS failure mode and process triggered by precipitation
under different mitigation measures. We conducted indoor physical model experiments
and analyzed the differences in failure modes and mechanisms using sensor data, 3D
laser scanner data, and direct observations of the experimental phenomena, the results can
provide a reference for optimization mitigation measures for the “Gully Stabilization and
Tableland Protection”.

2. Materials and Methods
2.1. Physical Characters of Materials

The loess sample used in our experiments was taken from the HLFS in Qingyang City,
Gansu Province, and its particle size distribution of the soil sample was measured using a
Bettersize 2000 laser particle size analyzer which made by Bettersize Instruments Ltd. of
China. Particles with a size > 0.075 mm accounted for 15.2% of the sample, particles ranging
from 0.075 mm to 0.005 mm accounted for 67.5%, and particles < 0.005 mm accounted for
17.3%, making it a typical fine loess soil. The plastic limit of the soil was 17.7%, the liquid
limit was 38.63%, and the plasticity index was 20.93. The basic physical properties of the
soil as obtained from geotechnical tests are shown in Table 1.

Table 1. The basic physical properties of the loess sample.

Natural
Water

Content

Natural Dry
Density Plastic Limit Fluid Limit Plasticity

Index Particle Distribution (%)

w/(%) ρ/(g·cm−3) WP/(%) WL/(%) Ip/(%) >0.075 mm 0.005–0.075
mm <0.005 mm

Loess
materials 12.2% 1.517 17.7 38.63 20.93 15.2 67.5 17.3
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2.2. Test Flume

All experiments involved a flume model that consisted of three parts: an experimental
slope system, a rainfall system, and a data acquisition system. The experimental slope
system included a flume box and an experimental slope with dimensions of 2 m long,
0.6 m wide, and 1.2 m high, and the side of the box was made of tempered glass to allow for
observation during the experiment. The bottom of the box was made of sealed waterproof
wood to simulate an impermeable boundary (Figure 2), and the rainfall system consisted of
a water supply tank, rainfall nozzles, and rain gauges. Distances between multiple rainfall
nozzles were arranged according to specific calculations to ensure the uniformity of rainfall
intensity in the flume. The data acquisition system included pore-water pressure sensors,
water content sensors, displacement sensors, a 3D laser scanner, and a in particular, the
pore-water pressure sensors and water content sensors were placed at different depths in
the experimental slope to obtain the variations of the water content and pore-water pressure
of the tested slope during the experiment. To monitor the displacement deformation of the
slope, a displacement monitoring device that consisted of a hollow sphere with a diameter
of 2 cm and a weight of 10 g buried 5 cm deep inside the slope and connected to the
displacement sensor at the upper end via a steel wire with a diameter of 0.5 mm was set up
inside the tested slope. A certain amount of counterweight was applied at the lower end of
the sphere to ensure that the sphere was in a state of force balance in the initial state and to
reduce the relative movement between the sphere and the surrounding soil [28]. Finally,
the 3D scanner was placed directly in front of the flume box to collect the three-dimensional
deformation data of the tested slope at different stages during the experiment.
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2.3. Methods

During the test, constant rainfall intensity was used to simulate natural rainfall. Ac-
cording to the meteorological data of Qingyang City, the area is located in a monsoon
climate zone, with frequent heavy rains during the rainy season. On 21 July 2019, the
hourly precipitation in the Qingyang City even reached 90 mm. In order to present the
local characteristics of heavy rainfall, the rainfall intensity of the test was set at 80 mm/h,
and the slope in the experiment was set according to the actual slopes in the HLFSs in the
“Gully Stabilization and Tableland Protection” in Qingyang, which were initially designed
to be 40◦. The experimental slope height of the test was 80 cm, and only the mitigation
measures on the slope surface were modified with each trial. Soil samples were placed
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layer-by-layer with 15 cm per layer and compacted multiple times to a dry density of
1.5 g/cm3. Before placing a new layer of soil, the compacted surface of the underlying soil
layer was ensured the uniformity of the slope and prevent interlayer sliding. When placing
a soil sample, pore-water pressure and water content sensors were placed at the upper
part of slope, middle part of slope, and toe of the slope as well, with vertical depths of
5 cm, 10 cm, and 15 cm from the slope surface, respectively. Before conducting each test, the
test slope was allowed to settle until the sensor readings stabilized. The sensors recorded
changes in soil content, pore-water pressure, and displacement at a sampling frequency of
once per second, and the laser scanner conducted multiple real-time scans based on the
shape changes in the test slope.

3. Results
3.1. Water Content Changes

The changes in the water content of different parts of the slopes with different types
of mitigation measures are shown in Figure 3, and from the figure we can see that the
changes were all quite similar. First, the water content gradually decreased before finally
leveling off in all cases. In the early stage of testing, the infiltration rate of rainwater was
relatively fast, and the soil water content curves increased rapidly within 15 min after the
initial change in water content before stabilizing. In the later stage of the experiment, the
slope surfaces reached saturation, and the water content of the soil at different positions
and depths stayed at around 60%. In addition, the rainwater infiltration rates of all types
of slopes showed were fastest at the upper part of the slope and became slower toward
the toe.
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Figure 3. Water content changes for different slopes at different sites.

As far as what differences there were in the water content changes with different
types of mitigation measures, due to the converging effect of the slope drainage channels,
which effectively prevent rainwater from accumulating on the slope surface, the time until
rainwater infiltration to deep soil (15 cm) was relatively slow (Figure 3). Additionally,
the infiltration rate of slopes with a stepwise drainage channel mitigation measure was
slower than with the other two types of slopes, and the time required for the soil to reach
saturation was longer as well.

Regarding local changes, the water content changes in slopes without any mitigation
measures were linked to both local and overall failure. When a large-scale block failure
occurred at the slope middle, the moisture sensors (5 cm) had obvious fluctuations. The
same phenomenon also occurred when the overall slope failed. From Figure 3 we can
see that this change was synchronous with the instability of the slope and was a nearly
instantaneous change. The response of shallow soil (5 cm) was the most obvious. Shallow
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soil tends to become compacted during motion, so any soil water it holds is discharged,
and its water content decreases sharply when this happens. Some of the water diffuses to
deeper soil, so the water content of the deeper soil then rises slightly.

When the slope without any mitigation measures failed, the water content of the shal-
low soil (5 cm) at the upper, middle, and toe of the slope all showed almost instantaneous
drops, with the most obvious changes at the upper and middle parts and only a slight
change at the toes. The water content of the deeper soil (10 cm, 15 cm) also changed but
varied within wide limits. These changes in water content did not appear in the other two
types of slopes. The slope with the step-by-step mitigation measure had failures mainly
concentrated on the slope surface, and a landslide even occurred in the later stage that had
a relatively shallow depth little impact on the deeper soil’s water content. Therefore, in the
later stage of the experiment, the soil water content of the slope with a declining gradient
mitigation did not undergo any sudden changes. The water content of the slope with a
stepwise drainage channel mitigation measure also did not undergo any sudden changes,
and the water content of the soil at each position increase gradually without sudden uplifts
or drops.

3.2. Pore-Water Pressure Changes

Variations in pore-water pressure show a periodicity and strong correlation with
the slope deformation [42,43]. In our experiments, fluctuations in pore-water pressure
mainly occurred during various stages of slope failure. In the initial stage of the testing,
the deformation of the slope occurred due to creep caused by an increase in the slope’s
water content and erosion on the slope surface. During this stage, the pore-water pressure
at the toe and middle part of the slope changes only slightly, with a small upward trend
(Figure 4).
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Figure 4. Pore-water pressure changes for different slopes at different sites.

In the second stage of the testing, continuous rainfall caused surface instability and
a shallow slide in the slopes, and the pore-water pressure changed with these events
(Figure 4). The pore-water pressure in given area had significant fluctuations during local
failures in that area. When the sliding depth was shallow, only the surface pore-water
pressure had significant changes, and when the sliding depth was high, the pore-water
pressure at different depths had a significant response. The responses of pore-water
pressure during local failure of slopes with different mitigation measures were slightly
different, however (Figure 4). Specifically, the fluctuation of pore-water pressure on the
slope without any mitigation measure mainly occurred in the shallow soil (5 cm), and
the pore-water pressure variation in the deep soil did not change significantly. Combined
with the deformation data, this indicates that when a local failure occurred, the pore-water
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pressure was mainly concentrated in the soil 5–15 cm deep from the slope surface, which
means that the failure depth was concentrated at 5–15 cm as well. In the slope with step-by-
step mitigation, the change in pore-water pressure was not significant, which indicates that
at this stage, the response of the slope to rainfall was mainly concentrated on the surface.
Although the water content in the deep soil increased, the pore-water pressure did not
increase significantly, and the failure was mainly in the shallow soil. In the slope with a
stepwise drainage channel mitigation, the pore-water pressure changed more rapidly, and
the pore-water pressure in the deep soil (15 cm) was larger than in the other two types of
slopes, indicating that the sliding surface of the slope was deeper than the other two types
of slopes as well.

In the last stage of the testing, the slope without any mitigation measures experienced
overall failure along a sliding surface under continuous rainfall. Pore-water pressure at
different depths and locations underwent rapid changes all at the same time as well. The
most significant change in pore-water pressure occurred in the shallow soil, and the change
in the deep soil was relatively small. Unlike the changes in the second stage, the change in
pore-water pressure was nearly instantaneous. The trend in pore-water pressure changed
at different positions and was a sudden increase within 1–2 s, followed by a rapid decrease
prior to stabilization. This phenomenon is due to the rapid failure of the entire slope causing
almost instant displacement of various parts of the slope and subsequent poor drainage
that led to excess pore water pressure. This in turn caused a sudden increase in pore-
water pressure in various parts of the slope [44–46]. The slope with a declining gradient
mitigation also experienced shallow sliding, with a synchronous increase in pore-water
pressure at all parts of the slope before eventually stabilizing.

Compared to the slope without any mitigation measures, the changes in pore-water
pressure in the slope with a declining gradient mitigation were more gradual, with a clear
process of continuous growth and no pore-water pressure surges. The amplitude of the
pore-water pressure response for the slope with a stepwise drainage channel mitigation
was the highest during the local failure stage, and the subsequent pore-water pressure
fluctuations were relatively weaker than with the other two types of slopes. During both
local and overall failures, pore-water pressure both increased and decreased. Pore-water
pressure decreased and became negative at the upper and middle part of the slope but
increased at the toe of the slope. This indicates that the toe of the slope exhibited shear
contraction characteristics that led to a sharp increase in pore-water pressure and that the
upper part of the slope exhibited a tension stress state that led to a sharp drop in pore-water
pressure [45,46].

3.3. Deformation

Deformation is the most important external manifestation of slope failure, and the
type and characteristics of slope deformation over time are the most effective means for
early landslide warnings [42,43,47,48]. For the slope without any mitigation measures
(Figure 5), after 6 min of rainfall, the water began to flow on the slope surface, and then
the surface began to be eroded. In the first 60 min of continuous rainfall, the erosion at
the toe of the slope gradually intensified. Erosion at various points at the toe of the slope
gradually connected, and the toe of the slope kept retreating. The longest retreat distance
was 28 cm, and small cracks appeared at the toe of the slope (Figure 5a). During 60–90 min
of continuous rainfall, the toe of the slope continued to erode, and large blocks of the slope
began to collapse. Erosion gullies longer than 10 cm were formed on the slope surface,
and continuous deformation at the toe of the slope formed an upright lateral free face at
the front edge of the slope. Tension cracks appeared at different heights on the upper and
middle part of the slope as well (Figure 5b). During 90–140 min of rainfall, erosion at the toe
of the slope continued, and cracks deepened and widened at the middle part of the slope,
gradually connecting and penetrating each other. Large blocks of the slope collapsed along
the cracks, and the longest retreat length of the slope surface reached 52 cm (Figure 5c).
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After 193 min of rainfall, the entire slope failed and slid down with a slide depth of 10 cm
and a slide distance of 52 cm (Figure 5d).
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For the slope with a declining gradient mitigation (Figure 6), water began to flow on
the slope surface after 5 min of rainfall, and local erosion was observed at the toe of the
slope after 10 min. After 30 min of rainfall, erosion gullies at various points at the toe of
the slope had connected and penetrated each other, and the toe edge of the slope kept
retreating to a longest distance of 15 cm (Figure 6a). After 60 min of rainfall, the erosion
continued at the toe of the slope, and the longest retreat distance was 28 cm. Tension cracks
occurred in the lower part of the slope surface as well (Figure 6b). During 90–120 min
of rainfall, tension cracks in the lower part of the slope surface deepened and widened,
gradually connecting and penetrating each other. Local collapse occurred along the cracks
at the toe of the slope (Figure 6c). After 150 min of rainfall, tension cracks appeared at all
parts of the slope, and the cracks deepened and widened, eventually penetrating each other
and forming multiple transverse cracks that penetrated the slope surface. After 180 min of
rainfall, a shallow landslide with a depth of 5 cm occurred along the transverse cracks on
the slope surface (Figure 6d), but the entire slope was still stable.
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For the slope with a stepwise drainage channel mitigation (Figure 7), after 5 min of
rainfall, water began to flow on the surface, and localized erosion was observed at the toe
of the slope after 10 min. After 30 min of rainfall, settlement cracks gradually appeared
and deepened near the toe of the slope, and after 40 min of rainfall, the failed locally, and
some soil masses collapsed, producing a steep and high lateral free face at the toe of the
slope (Figure 7a). After 60 min of rainfall, the toe of the slope was almost completely
destroyed after multiple local failures, and the drainage channel at the toe of the slope was
left hanging (Figure 7b). During rainfall of 90–120 min, multiple local failures occurred
gradually upward along the transverse drainage channels on the slope, resulting in serious
damage to the slope surface (Figure 7c). After 150 min of rainfall, local failures occurred in
all parts of the slope, horizontal tensile cracks appeared at the upper part of the slope, and
multiple steep lateral free faces appeared at the toe edge of the slope (Figure 7d). However,
there was no overall instability.
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3.4. A Model of the Failure Process

Based on the deformation characteristics and changes in the slopes during rainfall, the
toes of the slopes were the first parts to fail, for all tested slopes, which initiated the failure
process. During the failure process, slope erosion and local failures occurred for all tested
slopes, but the failure modes of the slopes differed according to the mitigation measures.
Based on the soil parameters and deformation processes of the tested slopes, the failure
modes and differences of each slope can be described in the following stages.

(1) Toe erosion. After about 30 min of testing, slope surface soil gradually becomes
saturated, and the infiltration rate of rainfall on the slope surface is lower than the
rate of rainfall supply. The surface of the slope begins to accumulate water during
this time, and slope erosion and local failures occur at the toe of the slope due to the
continuous erosion of surface runoff and the softening effect of rainfall infiltration.
Different mitigation measures showed different degrees of slope erosion and response
times (as shown in Figure 8a). For the slope with a declining gradient mitigation, the
slope erosion was more rapid and obvious due to its longer length, gentler gradient,
and more obvious convergence flow. However, this gentler gradient also made it
difficult for high and steep lateral faces to form at the toe of the slope. For the
slope with a stepwise drainage channel mitigation, the effect of surface runoff was
not obvious in the early stages of rainfall due to the collection effect of the slope
drainage channel. Slope toe erosion and damage did not occur, and rainfall infiltration
was slow. Therefore, there was no obvious deformation on the slope surface in
the first 30 min. This was in stark contrast to the other two types of slopes where
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obvious slope toe erosion occurred after only 10 min of rainfall. This also shows
that constructing drainage channels on a slope can effectively reduce erosion due to
rainfall and therefore slope damage.

(2) Formation and expansion of slope surface cracks. The slope body generates tensile
stress towards the direction of the free surface and undergoes continuous creep due
to slope toe erosion. In our experiments slope deformation accumulated gradually,
and tensile cracks appeared on the slope surface in the vicinity of the free surface of
the slope toe. However, the crack evolution patterns differed between different slopes
(Figure 8b). For the slope without any mitigation measures, the appearance of tensile
cracks occurred in an obvious sequence. For the slope with a declining gradient miti-
gation, the tensile cracks appeared simultaneously at various positions on the slope
surface, without an obvious sequence. For the slope with a stepwise drainage channel
mitigation, the tensile cracks all appeared near the transverse drainage channels on
the slope surface.

(3) Local failure. The expansion of cracks causes the local pore-water pressure to increase
continuously, and the effective stress of the soil decreases. Connected cracks form a
potential sliding surface, and the local failures occur along the cracks. The location and
magnitude of local failures in our testing were affected by slope mitigation measures
(Figure 8c). In particular, the local failure in the slope with a declining gradient
mitigation was small, and mainly occurred in the soil layer no deeper than 5 cm. The
local failure in the slope with a stepwise drainage channel mitigation was larger, and
the sliding surface was deeper. However, the overall deformation was smaller, and
the collapse only occurred at the toe of the slope.

(4) Overall failure. Continuous local failures cause the free surface of the toe of the
slope to become steeper, and the tensile stress on the slope increases continuously.
The cumulative displacement of the slope body accelerates and gradually reaches its
critical displacement. Immediately after this the potential sliding surface of the slope
is penetrated, resulting in the overall failure of the slope. According to our tests, the
slope without any mitigation measures experienced overall failure under continuous
heavy rainfall, but the other two types of slopes did not exhibit overall failure. These
slopes with mitigation measures only exhibited local failure at the slope toe and local
failure due to shallow erosion sliding (Figure 8d).
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Figure 8. Failure models of different slope failures triggered by rainfall ((a–d) are the following stages
and Type 1, 2 and 3 are the different protective measures of slopes).
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4. Discussion

The slopes of the three types of mitigation measures all underwent toe erosion, and
formation and expansion of local failures, but the degree of slope changes at each stage
were not the same. During the toe erosion stage, the main erosion and damage location
of the three types of slopes were all concentrated at the toe. However, the slope with a
declining gradient mitigation experienced the earliest erosion damage as well as the largest
erosion at the toe. The step-by-step and drainage canal mitigation slope had the least
amount of slope erosion (Figure 9). During the local failure stage, the slope without any
mitigation measures formed steep lateral free faces after local failures, and the slope with a
declining gradient mitigation collapsed rather than sliding; it experienced relatively little
deformation. Furthermore, high and steep lateral free faces did not appear in the toe of the
slope with slope down the slope step-by-step mitigation after local failure. The slope with
a stepwise drainage channel mitigation was more prone to local failure and had deeper
sliding surfaces due to the settlement cracks that occurred near the drainage channels
(Figure 10). In the later stage of the experiment, both the slope without any mitigation
measures and the slope with a declining gradient mitigation exhibited local failures. When
overall failure occurred, the sliding back edge of the slope without any mitigation measure
was located at the top of the slope, and the sliding surface was deeper. The sliding back
edge of the slope with a declining gradient mitigation was located in the middle part of the
slope surface, and the failure was shallow, with a thin sliding surface (Figure 11).
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Figure 9. Erosion in the slope toe of different slopes.
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Based on the displacement data and observed experimental phenomena, we found
the creep process of slopes with different mitigation measures to be different. During
the experiment, tensile cracks appeared on all three types of slopes, and the appearance
of tensile cracks on the slope without any mitigation measure had a clear chronological
order. Tensile cracks first appeared at the toe of this slope, followed by a local failure
at the toe of the slope. Tensile cracks then appeared at the middle and then the upper
part of the slope. In contrast, the slope with a declining gradient mitigation had tensile
cracks appearing simultaneously at different positions on the slope surface, with no clear
chronological order. This indicates that the creep of the slope with a declining gradient
mitigation occurred simultaneously at the toe, middle, and upper part of the slope, thus
causing tensile cracks to appear at these positions simultaneously. The slope with a stepwise
drainage channel mitigation had tensile cracks near the transverse drainage channels on
the slope surface. For the slope without any mitigation measures, due to the influence of
the erosion at the toe of the slope, the lateral stress at the toe of the slope was greater than
at the bottom, and therefore the creep was more obvious at the toe of the slope [45,46].
As a result, tensile cracks appeared at the toe of the slope first, followed by the middle
and upper parts as a consequence of local failures. The slope with a stepwise drainage
channel mitigation experienced discontinuous creep, and cracks were prone to occur near
the drainage channels due to differences in deformation.

During the testing, slopes with different mitigation measures exhibited different
characteristics in water infiltration and erosion, pore-water pressure, and slope deformation.
However, there were also commonalities in the failure processes of all the slopes, such as
erosion and failure at the toe of the slope being a prelude to subsequent slope failures. The
toe of the slope is the most susceptible area to slope failure, so when carrying out slope
protection, attention should be paid to protecting the toe of the slope to prevent failure
caused by erosion. In addition, slopes with different types of protection also exhibited
local failures induced by erosion in the surface of the slope. Therefore, filled slopes
compaction alone is not enough to ensure their stability. The surface of the slope should
also be treated with methods such as tree planting, anchoring, and gridding to improve its
erosion resistance. Using a mitigation method of reducing the slope gradient can effectively
improve the stability of a slope, reducing deformation under rainfall. However, long slope
surfaces tend to exhibit a significant convergence flow effect, which may exacerbate the
erosion in the toe of the slope [42,43,45,46,48].

Thus, for loess-filled slopes, slope mitigation should be combined with slope surface
protection and drainage, and the slope erosion caused by water flow should be reduced by
building lateral drainage channels. In terms of soil reinforcement, this can be achieved by
chemical reinforcement, anchoring, and other means that can increase the strength of the soil
in loess-filled slopes and prevent strength attenuation caused by rainfall infiltration [49,50].
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In addition, a retaining wall should be set at the toe of a slope to prevent erosion damage
and to ensure stability.

5. Conclusions

This study examined the instability process and mechanism of remolded loess slopes
under heavy rainfall with different protective measures (without any mitigation measures,
with a declining gradient mitigation, and with a stepwise drainage channel mitigation).
Our conclusions are below.

1. Changes in water content and pore-water pressure inside the slope were mainly
concentrated in the shallow part of the slope and in the range of 5 cm during rainfall.
With continuous rainfall, when a slope failed locally, changes in soil water content and
pore-water pressure on the slope without any mitigation measure were obvious, and
the water content and pore-water pressure everywhere showed a sudden response to
the failure. The other two slopes’ water content and pore-water pressure responses
were weaker.

2. The modes of failure of slopes with different protective measures were different. The
slope without any mitigation measures was the most susceptible to erosion. Although
the slope with a declining gradient mitigation was the least likely to experience
overall failure and has relatively small local failures, the degree of erosion on the slope
surface was more severe than with other mitigation measures. The use of the step-
by-step and drainage canal mitigation measure effectively prevented slope surface
flow convergence, reducing the scouring effect of rainfall on the slope surface, but this
slope was prone to local sliding with its deeper surfaces along the transverse drainage
canals ditch.

3. The pore-water pressure response and the development of tensile cracks in the slope
soil affect the degree of deformation of the slope, and these are the driving factors
behind the differences in the failure characteristics of slopes with different protective
measures. So, it is an effective way that reduce the infiltration of rainfall to slope,
prevent the deep cracks of the slope due to discontinuity deformation, and weaken
the confluence of the slope to prevent the large deformation of the filled slope.
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